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Abstract
The aim of the following thesis was to develop a fundamental understanding about the

processing temperatures and mechanisms occurring during Electric Discharge
Assisted Mechanical Milling (EDAMM). This was done through processing of a variety
of materials which exhibit a phase transformation or polymorphic transformation in a
known temperature.

A series of experiments using metal (Al, Mn, Ti, Cr), non-metal (Si, C) and oxide (TiO2,

BaTiO3) starting powders was designed to estimate the minimum and maximum

temperatures during EDAMM processing in inert Argon atmosphere and stainless
steel electrode. The minimum processing temperature in these conditions was

estimated according to the Al melting point and Mn polymorphic transformations.
Intermediate processing temperature was determined from Ti+Cr and BaO+TiO2

processed powders to form mixtures of low and high temperature stable TiCr2 and

BaTiO3 polymorphs. The maximum processing temperature determination was done

using Si+C powders reacted to form β-SiC phase. From these initial experiments the

minimum temperature of 600°C and a maximum temperature <1600°C was
determined. In additional series of experiments, two modifications of the conditions
were studied by introducing (i) a TaC coating on the stainless steel ball electrode and
(ii) changing the pure Ar atmosphere to 10%O2/Ar gas. It was found that in both

modifications the discharge affected surface of the EDAMM chamber is more uniform.
On the other hand, temperature measurements showed that the TaC coating on the

EDAMM electrode resulted in lowering of the processing temperature, whereas
10%O2/Ar gas results in its increase.

Taking into account the abovementioned processing modifications, an in-depth

investigation of their influence on the phase formations sequences from BaO+TiO2

starting powders and the subsequent cubic↔hexagonal BaTiO3 polymorphic

transformation was done. The crystal structures were identified through XRD
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whereas microstructure and elemental analysis was done via SEM/EDS and TEM. In

the first type of modification, when introducing the TaC coating on the ball electrode,
the initial stages of the processing revealed formation of nanometer sized powder
particles with orthorhombic crystal structure and elemental composition consistent

with BaTiO3. Further processing resulted in the orthorhombic→cubic BaTiO3

transformation and formation of the monoclinic Ba2 Ti6 O13 secondary phase, both of
which persisted until the end of the processing. Cubic BaTiO3 is considered stable until

~1430°C if stoichiometric amounts of BaO and TiO2 are used as a starting material,

above which it typically transforms into the high temperature hexagonal polymorph.

Second modification of the processing conditions, where BaO+TiO2 starting powders
were processed in 10%O2/Ar atmosphere, showed a result consistent with the
previous observations where the processing temperature was higher than when using

the TaC coated electrode. Here, the initial stages of EDAMM processing revealed
simultaneous formation of low temperature cubic and high temperature stable

hexagonal BaTiO3. After further processing only high temperature hexagonal BaTiO3

polymorph, stable above ~1430°C, and a monoclinic Ba2 Ti6 O13 secondary phase were
sustained.

Thus, it was concluded that the TaC coating applied on the stainless steel electrode

reduces the temperature of the processing. Additional analysis of the TaC coating
revealed that it is not continuous and therefore decreases the plasma discharge
energy by decreasing the area available for the electrons to escape the electrode. On
the contrary, the 10%O2/Ar atmosphere increased the processing temperature due to
the higher energy of O2 species in comparison to the pure Ar gas.

Cross-sectional areas of selected BaTiO3 powder particles which undergone the
EDAMM processing using a TaC coated ball electrode and the 10%O2/Ar gas, were

then analyzed by a new, advanced computational method developed at the UOW. This
post-processing method allows for the phase and texture evolution analysis based on

the crystallographic data obtained through EBSD and TEM, to develop phase
iii

formation mechanisms. Firstly, orientation relationships between cubic BaTiO3,

hexagonal BaTiO3 and monoclinic Ba2 Ti6 O13 phases were found using selected area
electron diffraction (SAED). EBSD mapping was performed on the cross-sectional

areas of the selected particles and in conjunction with the orientation relationship
data used to define the compliance or deviation of the interphase boundaries from the
ideal orientation with the computational method. It was found that the deviation of

the interphase boundary from the ideal orientation relationship correlates with the

point in time when these boundaries were created. As a result, it was concluded that
the monoclinic Ba2 Ti6 O13 -cubic BaTiO3 interphase boundaries were formed at the

beginning of the phase’s formations and deformed due to the grain growth and plastic
deformation occurring during EDAMM. Cubic BaTiO3-hexagonal BaTiO3 interphase

boundaries were found to conform to the ideal orientation relationship to much

greater extent which infers several conclusions; (i) the cubic-hexagonal orientation

relationship found through SAED is the dominant relationship in this phase

transformation regime, (ii) the cubic→hexagonal transformation occurred by the end

of the EDAMM processing and (iii) the powder particles in EDAMM are cooled
extremely fast as the high temperature hexagonal BaTiO3 polymorph is sustained in
the room temperature.

The above presented research gives new insights into the capabilities and limitations
of EDAMM, how to control its processing parameters to affect EDAMM temperature,
and the mechanisms that govern phase and polymorphic transformations induced
under different processing conditions.
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CHAPTER 1
Literature review
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In the following thesis, an influence of the electric discharge assisted mechanical
milling (EDAMM) processing conditions on phase transformations is presented. Since

the method comprises of both milling and plasma treatment elements, following
review includes the current methods, which may assist in better understanding of
EDAMM. These include; solid-state and mechanochemical processing such as ball
milling and current plasma methods, which resemble the EDAMM set-up.

1.1 Mechanochemical synthesis

Mechanochemical processing of the powders is a common method for powders
synthesis especially when non-equilibrium conditions are of the essence [1]. This
process is based on interactions between the surfaces of the milling balls and milling
chamber with powders mixed in stoichiometric ratios that define the final product.

Depending on the setting of the process, powder particles are subjected to shear,

compression or impact forces to form new and fresh surfaces. The accumulation of
energy in the powders and their defective structure are typical results of such kind of

processing as is the synthesis of metastable, intermetallic or amorphous phases, as
well as extended solid-solutions and high temperature ceramics that are difficult to
obtain [2]. Some powder mixtures may also experience a self-sustaining reaction

induced by ball milling [3] where, initially, activation of the powders occurs after

which ignition and combustion propagation takes place. These reactions rarely come

to the completion right after ignition and therefore further milling is needed to obtain
homogeneous and fully processed material.

Efficiency of ball milling can be improved by using a magnetic field to control ball

movement (Fig. 1.1). Magnets positioned in specific areas adjacent to the milling

chamber impart larger forces onto the balls in both shear and impact, and this proved
to be suitable for processing high melting point intermetallics such as TiB2 or Fe2B [4].
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(a)

(b)

Figure 1. 1: Schematic of the movement of the ball in (a) traditional ball milling device,
impact mode and (b) enhanced ball force due to the magnetic field. Legend: 1- ball
milling chamber, 2- milling balls and 3- magnets. (images based on [5])

As well as the milling equipment set up, the characteristics of the powders also play

an important role in the processing mechanism. Ductile powders processing involves

flatten the particles trapped between the surfaces of the balls as they undergo plastic
deformation. Further processing of as-obtained powders with flat surfaces may lead
to cold-welding and subsequent fracturing [6]. It is generally agreed that brittle

powders processing is different as it does not rely on the alloying component. Ceramic
powders with brittle-brittle components undergo continuous fragmentation until no

further reduction in size is possible. Diffusion in materials such as brittle oxides is
extremely limited;

some researchers argue that it can be induced by plastic

deformation or a local increase in temperature, while others state that diffusion does
not occur in these conditions or at least does not play a significant role in processing
[7]. Processing these powders often result in a nanocrystalline structures [8] and

often an additional calcination at high temperatures is needed to allow for final phase
formation [9]. As pointed out in the review of [10], we are yet to describe precisely the

mechanisms which govern the formation of the phases under high energy ball milling

conditions, so further investigation into the variety of alloys and compounds is
needed.
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1.2 Plasma assisted powder synthesis methods
Mechanical alloys and subsequent arc discharging
Improvement on the synthesis rates through ball milling can be achieved by
subsequent arc discharging. As an example, it was previously observed that 7 hours of

ball milling Ti and C powders in N2 atmosphere resulted in a Ti(C,N) phase, but when

the powders were milled for 1 hour and then subjected to arc discharging for 0.5-3

min, the Ti(C,N) phase was the major phase present[11]. Moreover, the longer the pre-

milling time the more Ti(C,N) phase was detected. This result showed that arc
discharge accelerated the transformation of raw material and therefore the overall
efficiency is due to arc discharging and previously activated powders.
Dielectric Barrier Discharge Plasma
It was found in [12], that the efficiency of mechanosynthesis can be also increased

when directly coupled with plasma heat treatment. This so-called “dielectric barrier

discharge plasma assisted milling” was patented in 2009; a schematic image of this

device is shown in Fig. 1.2. In this set up the electrode is suspended inside the
chamber and remains stationary while milling takes place via the stainless steel balls

in the milling chamber. An alternating current applied through the 22kV power supply

is formed between the electrode inserted into the chamber and the stainless steel
processing chamber, whereas mechanical milling occurs as the chamber vibrates.
DBDP proved to be an efficient process for lowering the temperature of V2O5-C

deoxidation [13], synthesizing WC [14] and AlN [15], surface modifications[16] and
shortening the time required to decrease the particle size compared to traditional ball
milling [17].
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Figure 1.2: DBDP milling device components: electromotor (1), elastic joint (2),
vibration exciter (3), base plate (4), framework (5), vial (6), refrigerant tank (7),
electrode (8), steel balls (9), spring (10), DBDP power supply (11) [14].

1.3 Plasma synthesis of oxides by Electric Discharge
Assisted Mechanical Milling (EDAMM)

The Electric Discharge Assisted Mechanical Milling (EDAMM) method enables
powders to be synthesized by mechanical impact, similar to the impact mode of the

ball milling method and simultaneous heat treatment of powders through pulsed
electric discharges[18]. The setup and parameters are described in detail in “Chapter

2 Materials Synthesis and Characterisation Methods” whereas here the literature
review on previous EDAMM studies is presented.

EDAMM is only available at the University of Wollongong where it was invented and

developed therefore a literature review of the materials which were process is
limited. Despite that fact, previous work can shed some light on the possibilities and

capabilities of this unique processing method, which is explored further in the
following thesis.
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At present, experiments such as synthesis, decomposition, solubility, storage and

transformation have proven the versatility of EDAMM. In terms of oxide processing,
there are many publications, which analyse the relationship between processing

conditions and the resulting compound synthesis. One of the earliest examples is the
reduction reaction of hematite (α-FeO) to magnetite (Fe3O4) in N2 atmosphere [19]

which showed that Electric Discharge Assisted Ball Milling can reduce reaction time to

30 minutes, rather than the 20 hours needed for traditional ball milling. It was found
that non-conductive oxides processed in hot milling conditions tend to fracture much

more than conductive metals; this of course has implications for the final particle
sizes.

Further work involved the synthesis of more complex oxides such as LiCoO2, LiFePO4

and SrTi1-xCoxO3 from elemental oxides [20, 21]. For example, the optimisation of
processing conditions for LiFePO4 processed in N2+3%H2 atmosphere and AC mode,

reduced the synthesis time to 10 minutes. Based on particles morphology, it was
concluded that using high power during milling tend to melt the powder particles,

whereas low power processing results in more porous particles with high specific
surface area. LiCoO2 synthetised from LiCO3 and Co3O4 was processed for 10 min and
resulted in fully processed powder, whereas had it been ball milled it would have

taken more than 100h. The primary concern of Li evaporation during milling was not
substantiated because the chemical composition of the final compound had an almost

1:1 Li to Co ratio. Moreover, processing under low power resulted in finer crystallites
(43nm) than under high power processing (227nm). EDAMM proved to be a suitable
tool for high temperature oxide synthesis as well, but it would typically require
sintering temperatures over 1000°C. Thus, SrTiO3, whose sintering temperature

oscillates around 1100°C, was synthetised from elemental oxides in 10 min. The

substitution of Ti by Co was achieved via a stoichiometric addition of CoO to the

starting powders, and a range of substitutions from 10-50%Co in SrTi1-xCoxO3 was

successfully prepared.
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Other typical high temperature reactions such as the reduction reaction of FeTiO3 in

Ar which also resulted in TiC/Fe3C composite [22] were also examined. In this
instance the reaction was completed within 5 min of processing, so the authors
predicted that due to the powders morphology, the temperatures in EDAMM could

possibly exceed 3000°C. This study was then expanded by exploring the influence of

different atmospheres on the reactivity of ilmenite (FeTiO3) powders such as CO2, N2,

Ar, O2 and air [23]. Starting powders of ilmenite and pseudorutile (Fe2Ti3O9) were
processed for 10 minutes, with the result that in all atmospheres pseudorutile was

reduced to preudobrookite, and with O2 and air, the reduction was complete and no

ilmenite peaks were found by the X-ray diffraction patterns. That transformation

typically takes place after the powder’s reactivity has been increased by ball milling

and sintering in Ar at 1400°C [24]; this again proved that EDAMM can substitute two
processing steps with one.

One of the latest studies on processing oxide powders in EDAMM was done on

MgAl2O4, BaLa2Ti4O12 and CaCu3Ti4O5 [25] by varying the processing atmosphere and
the type of electric discharge. MgAl2O4 was produced from oxides and metals in DC

and AC modes and Ar, N2, O2 and He atmospheres for 15 min. XRD analysis suggested

that processing the elemental oxides in N2 atmosphere results in less unreacted
powders. Moreover, an AC discharge used in these conditions proved to have the same

effect. Further analysis of the XRD spectra led to the conclusion that AC discharge
leads to substantial increased amount of nucleation sites but relatively limited growth

of the grains, whereas a higher temperature DC discharges induced grain growth in
this oxide. The CCT product on the other hand processed for 15 minutes in EDAMM in

DC and Ar, showed nearly no peaks which could be matched to the final product.

Further heat treatment in 1110°C in DTA resulted in a pure phase of CCT. BaLa2Ti4O12
on the other hand was produced readily in EDAMM under the same conditions and the
peaks matched the aimed phase very well.
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A comparison between EDAMM and ball milling was done in [26] for MgAl2O4 and

CaCu3Ti4O5 compounds. The nanostructural character of the powders was recognised
after 120 hours of ball milling, whereas EDAMM gave the same result after only 10

minutes of processing in Ar. Additionally, di-electric properties of EDAMM processed
CCT proved to be an order of magnitude better than ball milled and sintered pellets.

All the materials presented above proved that the EDAMM method could produce

compounds within minutes by mixing the stoichiometric powders of elemental oxides.

The resulting powders have good dielectric properties and in many cases the final
product can be tailored towards specific outcomes.

1.4 EDAMM plasma characteristics
1.4.1 Direct current pulsed plasma

The power used in the EDAMM set-up can be used to supply alternating current or
direct current, but in this thesis only direct current (DC) discharge was used for all the

processed materials (Fig. 1.3a-c). The discharge is supplied in a pulsed manner to
prevent melting of the powder particles. As a result, ratio between the times when the

discharge exists to the time when it’s extinguished can be regulated. In this thesis, this
parameter is called a “pulse on/off ratio” and is given as a percentage of the maximum

pulse length until it is considered a continuous current flow. The pulse intensity can

be regulated as well and is further given as a percentage of the maximum voltage.
Consequently, the discharge energy increases with larger pulse on/off ratio and larger
pulse intensity.

The direct current used in this thesis for all the experiments is thought to supply

highly localised, branch-shaped discharges (Fig. 1.3c). When this kind of processing is
applied to brittle powders such as oxides it is believed to increase the efficiency of
phase transformation and facilitate new surface formation when coupled with
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(a)

(b)

(c)

Figure 1.3: Schematic representation of (a) high pulse on/off ratio and high pulse
intensity, (b) low pulse on/off ratio and high pulse intensity and (c) DC discharge
distribution in EDAMM processing chamber.

mechanical milling. It is thought, that due to the pulsed character of discharges,
powder particles are heated to a high temperature and then rapidly cooled down due
to the short time of the discharge affecting the particles. Therefore, it is possible to

obtain phases which are stable high temperature and preserve them in room
temperature.

The discharge created due to the difference in the potential of the electrodes also
depends on the vibration and the distance between them. Electrodes are normally

connected to current flows without interruption but when this distance has increased
plasma is created to retain the current flow. When this distance is fairly small, high

9

density plasma can be obtained, but as the distance increases the plasma has lower

density, greater heat dissipation, and with pulsed plasma, the current flow can
disappear and therefore the plasma is terminated. It must be realised that the
character of pulsed plasma means that the pulse on/off ratio and pulse intensity must
be considered simultaneously.

1.4.2 Dusty plasma

Dusty plasma is a complex mixture of electrons, ionized particles, metastable atoms,
ions and neutral species that are referred to as dust particles. Within a dusty plasma

environment, processes such as elastic and inelastic scattering, and ionization or
excitation take place. The most mobile species in this system are electrons because
they interact with each other (Townsend avalanche), and this allows for the gas to be

conductive [21, 27]. Additionally, the power supply used in EDAMM is designed to
induce plasma suitable to effectively enhance kinetic energies of the ions and allow
formation in highly reactive species such as free radicals.

Gas atoms and molecules contained in the EDAMM processing chamber may undergo

dissociation (di-atomic gases) and/or ionization (mono-atomic gases) as a result of
the flow of electrons (Fig. 1.4a). All of the species interact with dust particles (Fig.
1.4b), during which various processes increase their energy enough to allow for phase

transformations. These energies include Joule heating, also known as resistive
heating, and recombination on the surface of the particles

It is though that dust particles increase the efficiency of the synthesis but they may

also be a source of contamination due to current flow from the ball electrode to the
stainless steel reaction vessel. The surface of the electrode erodes over time because

atoms are detached from the surface during the initial part of the discharge and then

transferred to the processed powder material. However, the amount or type of

“contamination” can be changed by coating the electrode or leaving it “dirty” after the
previous experiment.
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(a)

(b)

Figure 1.4: a) Energy content of various gases versus temperature graph and b) and
flux densities between the particle and plasma environment [28].
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CHAPTER 2
Experimental and analytical methods
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2.1 Electric Discharge Assisted Mechanical Milling (EDAMM)
EDAMM is a custom-made device which incorporates plasma treatment and the

mechanical milling of powders. An EDAMM chamber is confined within a stainless
steel base, a polymer cylinder and a lid; the whole device stands on a vibrating plate.

The lid is connected to a high voltage power supply and an electrode is suspended
from the lid over the plasma chamber. The electrode is a conducting stainless steel

ball that hits the powders when vibration is present and through local contact with

the stainless steel base, plasma is created (Fig.1). The type of plasma environment
created between the electrodes depends on whether the current is direct or

alternating (DC or AC). In DC mode the plasma is more localised when passing
through the powders, whereas in AC mode in the plasma is a more uniform, glow
discharge type.

Figure 2. 1: Schematic of the EDAMM device; A-power supply attachment, B- copper
tape, C-top electrode, D-processing chamber, E-stainless steel base.

The powders used in this thesis were supplied by Sigma Aldrich, and their particle
sizes and purities are listed in Table 2. The powders were weighted to the second
13

decimal place and mixed in stoichiometric ratios to a total weight of 0.2g. Most of the

powders were kept under vacuum and did not need any further preparation
preceding the synthesis, but the BaO powder was dried at 200°C for ~2 hours before
each experiment because of its hydrophilic nature.

Unless stated otherwise, the EDAMM electrode was sand blasted with fine, 60 mesh
Al2 O3 particles and then polished with SiC paper.

TaC electrode coating: The surface of electrodes used in experiments with the

BaO − TiO2 powders were modified by mixing the Ta and C powders in stoichiometric
ratios to 0.2 g and then processing them in EDAMM in Ar atmosphere for 15 minutes.

After every 5 minutes of processing EDAMM was stopped and the processed powders
were removed and replaced with newly mixed powders; this procedure was carried
out three times. The electrode and the chamber were not cleaned after removing the
processed power and replacing with newly mixed powders. After the electrode was

coated the EDAMM chamber was cleaned with the abrasive paper to remove any
loosely attached Ta and C or Ti and C particles, and the electrode was cleaned with a
paper tower and ethanol. The chamber was allowed to cool for 1 hour in air before
further experiments were carried out.
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Table 2.1: TaC electrode coating preparation regime.
Total time

Pulse on/off

Pulse

Target current

Power input

Effective power

Vibrations

(min)

ratio (%)

intensity (%)

(A) δ = ± 0.1 A

(A) δ = ± 0.07 A

(A) δ = ± 0.02 A

(V)

3 x 5 min

70

80

3.89

Table 2.2: Materials used in the following thesis.
Name

Company

2.46

Ref. number

0.45

Powder purity

0.5

Particle size

BaO

Sigma Aldrich

288497

97%

n/a

Cr

Johnson Matthey

n/a

99.95%

50 mesh

TiO2
Ti

Mn
C

Si

Sigma Aldrich
Pure Tech

Sigma Aldrich
n/a

Towson and Mercer

204757
n/a

463728
n/a
n/a

99.99%
99.99%
99.99%
n/a

97/98%

n/a

-60/+200 mesh
n/a
n/a
n/a
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2.2 Temperature measurement
Thermocouple measurements were taken to observe changes in the temperature of

the chamber during plasma processing and as the pulse intensities changed. Figure

2.2 shows the how the thermocouple setups were arranged. In the first setup the

surface of the thermocouple was in contact with the wall of the EDAMM base and was
~10cm from the processing chamber, while in the second arrangement a thin

thermocouple needle was inserted into the cavity at the bottom of the EDAMM base
and placed ~1mm below the surface of the processing chamber.

Figure 2.2: Position of the thermocouples for measuring the temperature of the

EDAMM base after each experiment, a) external along the EDAMM base wall and, b)
close to the processing chamber.

2.3 X-ray diffraction (XRD)

Powder particles obtained via EDAMM were characterised by X-ray diffraction to

reveal the crystalline character of the constituent phases. This examination was done
using an XRD Philips Diffractometer with Cu Kα radiation and a graphite

monochromator. Diffractometer output was analysed using Traces Version 5.1.0 and
an online version of Full Profile Search Match software with Crystallography Open
16

Database (COD) [29]. Phase identification was carried out using the International
Centre for Diffraction Data (JCPDS-ICDD 2000) Powder Diffraction Files (PDF).

The powder samples prepared for the X-ray diffraction were mixed with a mortar and

pestle and placed on a quartz disc. The powders are typically secured to the disc by

mixing them in ethanol or acetone and then placing the mixture onto a quartz surface

and allowing it to dry and form a smooth surface. In this instance, due to the
hydrophilicity and sensitivity to alcohol of some powders, high vacuum, amorphous
grease was used to secure the powders in situ.

2.4 Sample preparation for electron microscopy

The powders processed in EDAMM were pressed into 4.5 mm diameter pellets using a

hand press with a 1MPa load. Note that the powders were not crushed in a mortar or

pestle before being pressed to ensure the larger particles would be suitable for

microstructural analysis. Moreover, no binder was used to stabilise the pellet in order
to avoid contamination during the energy dispersive X-ray spectroscopy (EDS)
analysis, so rather than automated mechanical polishing, the pellet was lacerated
diagonally and its cross-sectional surface was hand polished with the #2000 SiC paper

until smooth. The pellet was then mounted onto a copper sheet with silver paint such

that its surface protruded from the copper sheet by ~2mm (Fig. 2.3). As-prepared
sample was once again mounted onto an aluminium holder with silver paint that is
compatible with the Leica EM-TIC020 ion milling stage. The surface of the pellet was
then polished in a Leica EM-TIC020 by utilising three fixed ion beams to cut across the

cross section and return a flat surface. This mill was operated at 6.5 kV, 3.5 mA for ~8
hours. After polishing, the pellet was then mounted onto the Leica EM-RES101 holder

and then ion milled in the Leica EM-RES101 with the stage rotation set to ±60° and

operating at 8 kV, 2.5 mA for up to 15 hours, depending on the thickness of the
original pellet. The end result was highly polished flat, surfaces that were free of
17

defects and therefore suitable for imaging, energy dispersive X-ray spectroscopy

(EDS), and electron back-scattering diffraction (EBSD) work.

Figure 2.3: Sample preparation regime with the usage of TIC020 and RES101 ion
milling devices.
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2.5 Scanning electron microscopy/energy dispersive X-ray
spectroscopy (SEM/EDS)
SEM/EDS was undertaken with a JEOL JSM-7001F microscope field emission gunscanning electron microscope operating at 15 kV, ~6.5 nA probe current and at 12

mm imaging working distance and 10 mm working distance when used for EDS work.

Elemental composition analysis was carried out using Energy Dispersive X-ray

Spectroscopy (EDS) with Oxford Instruments X-maxN 80mm2 detector system running

in semi-quantitative standardless analysis mode and analysed using the Aztec
software. Ba/Ti ratio in BaTiO3 compound included in Chapter 5 was obtained by

averaging at least 8 EDS points from areas that were chemically similar.

2.6 Electron back scattering diffraction (EBSD)

EBSD was undertaken on a JEOL JSM-7001F field emission gun-scanning electron

microscope operating at 15 kV, ~6.5 nA probe current at 12 mm working distance and
4000× magnification, and which was fitted with an Oxford Instruments Nordlys-II(S)

camera interfacing with the AZtec acquisition software suite. A step size of 0.035 µm

was used such that a map consisting of 1024 x 768 pixels was collected over 15:5:38
hours that corresponded to an area of 40 x 30 µm.

At each pixel, the image of the electron back-scattered pattern was saved upon

acquisition at an exposure time of ~18 ms using 4 × 4 binning and three background

frames. Subsequent post-processing involved indexing up to 8 Kikuchi bands within
each EBSP using 50 (monoclinic Ba2 Ti4 O13 ), 44 (hexagonal BaTiO3 ) and 50 (cubic

BaTiO3 ) reflectors at a constant Hough resolution of 60.
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Post-processing of EBSD data
The EBSD maps were post-processed using an Oxford Instruments Channel-5

software suite. The maps were cleaned by removing the wild spikes, cyclic
extrapolating the zero solutions to five neighbours and thresholding the band contrast
to delineate unindexed regions. In this study, phases are superimposed onto the band
contrast map such that red, green, blue and white denote monoclinic Ba2 Ti4 O13 ,

hexagonal BaTiO3 , cubic BaTiO3 phases and unindexed regions, respectively. For all

calculations, misorientations between 2°-15° and greater than 15° were classified as
low (LABs, in yellow) and high (HABs, in black) -angle boundaries, respectively.

2.7 Focused Ion Beam sample preparation method
Focused ion beam (FIB) sample preparation was carried out with an FEI Helios
NanoLab G3CX dual (electron and ion) beam analytical scanning electron microscope.

The lamellas were lifted out with the automated EasyLift needle and then prepared to

undertake transmission electron diffraction and transmission kikuchi diffraction t on
the three phases present in the BaO − TiO2 powders after EDAMM processing.

The surface of the sample was first polished to a high quality flat surface suitable for

high quality EBSD mapping and then the regions of interest were chosen. Grain
boundaries that could be used to study cubic-hexagonal, cubic-monoclinic and

hexagonal-monoclinic phases in BaO − TiO2 EDAMM processed powders were

located. Lamellas were cut perpendicular to the surface of the samples and then
polished according to the method summarised in Table 3.
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Table 2.3: Focused ion beam sample preparation conditions.
Process

Voltage

Current

Surface

(kV)

(nA)

orientation†

Pt deposition (E-beam)

2

2.8

┴ to E-beam

Trenching (multi-pass)

30

9.3, 2.5

┴ to I-beam

Pt deposition (I-Beam)

Trench clean-up (single-pass)
Lamella undercut

Lamella to EasyLift weld
Cleaning Cu holder

Cutting trench in holder

Welding lamella to holder
Lamella polishing (single-pass)

30
30
30
30
30
30
30
30
30
30
30
5*

0.23
2.5

0.8/2.5
0.018
21
21

0.023
2.5

0.79
0.43
0.23
0.15

┴ to I-beam

┴ to I-beam ± 1.5
┴ to E-beam
┴ to E-beam
┴ to I-beam
┴ to I-beam

═ to E-beam

═ to I-beam ± 0.5
═ to I-beam ± 0.7
═ to I-beam ± 0.7
═ to I-beam ± 1.5
═ to I-beam ± 5.0

* - final polishing with 5kV was carried out to remove the amorphous layer typical
when using high voltages[30].
†- Orientation

following lift out is edge-on to the lamella.

2.8 Transmission Electron Microscopy (TEM)
Transmission electron microscopy was carried out on high resolution JEOL JEM-

ARM200f operating at 200 kV with a resolution of <0.08 nm, equipped with cold field
emission gun source, Gatan UltraScan 1000XP CCD camera (2k x 2k) and fitted with
advanced Cs spherical aberration-corrector for the condenser lens. Additionally, JEOL
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JEM2011 operating at 200 kV fitted with LaB6 transmission electron with a spatial
resolution of 0.16 nm and Gatan Orius CCD camera was used for some diffraction
experiments.

The samples presented in CHAPTER 5 were analysed with the JEOL JEM-ARM200f;

this also included diffraction analysis and (EDS) mapping. The nanometre size powder
particles were dispersed on the lacey carbon grid.

The images of interphase boundaries analysed in CHAPTER 6 were taken in bright-

field mode and the samples were prepared by the FIB technique. TEM used in this part
of the research was utilized to provide information about the crystallographic
structure of the constituent phases and also to reveal the orientation relationship in

between the phases in ceramic materials. For the cubic-hexagonal interphase

boundary diffraction analysis, the diffraction patterns were then taken on [111]𝑐 and

[0001]ℎ cubic and hexagonal zone axis, respectively. In order to re-confirm the

orientation relationship in cubic-monoclinic interphase boundary the beam was tilted
to reach the [002]c zone axis which caused distortion (elipticity) in the diffraction
pattern. This distortion was corrected using the “Ellipse Fitting Analysis” script from

the [31]. Diffraction patterns were then taken at (002)𝑐 || (02� 0)𝑚 . The diffraction

analysis on the hexagonal-monoclinic interphase boundary was undertaken when
tilted to [2� 21]ℎ || [01� 0]𝑚 zone axis of hexagonal and monoclinic phases, respectively.
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CHAPTER 3
Polymorphic transformations in selected materials
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3.1 Overview
In this chapter a series of powders were processed in EDAMM in order to:
I.

II.

III.

To investigate the influence of plasma discharges on polymorphic
transformations in selected materials,

Study the effect of coating electrode on polymorphic transformations,

Determine the plasma temperature in EDAMM.

In this study, we selected materials which show polymorphic transformations at
different temperatures. The aim was to indirectly measure the plasma temperature in
variety of plasma conditions and investigate their influence on polymorphic

transformations. Therefore, the term “plasma equivalent temperatures” is presented in

this chapter which means that specific EDAMM conditions caused changes in

materials equivalent to those observed in equilibrium heating/cooling conditions or
other information based on the literature. This kind of approach was used previously
to estimate the temperature of the low energy milling conditions in planar-type ball

mill for selected materials (TiB2, Fe3N and Mg70Zn30)[32].

It is important to know the plasma temperature as the higher temperatures are more
beneficial for high melting point materials and transformations (e.g. ceramics),

whereas lower ones can be targeted for low melting point materials and
transformations, such as synthesis of metal hydrides. Detailed processing conditions
are listed in the Table 3.1 below.
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Table 3. 1 EDAMM processing conditions of materials presented in CHAPTER 3.
Processing conditions

Sample
name

Gas

Pulse on/off

type

ratio (%)

Pulse
intensity
(%)

Time

Electrode

Power

(min)

type

input

Mn

Ar

70

20-90*

5

SS** ball

DC

TiO2

Ar

70

30-80*

5

SS** ball

DC

Al

Ti-Cr

BaO-TiO2
SiC

Ar
Ar
Ar
Ar

70
70
70
70

20
80
80

40-90*

5
5
5
5

SS** ball
SS** ball
SS** ball
SS** ball

DC
DC
DC
DC

* indicates gradually increasing electrical conditions throughout the experiment ** SS-stainless steel

3.2 Results and discussion

3.2.1 EDAMM processing of Mn in Ar
Mn exists in the four crystal structures listed in Table 1, the lattice parameters of the

unit cells given in the table are the newest available in the ICSD database. All the Mn
crystal structures are cubic with variety of different symmetries (Table 3.2). The type

of the crystal symmetry is dependent on the processing temperature and results in the

lattice constant reduction with increased temperature. The crystal structure that is
stable up to 710°C (or even 700°C [33]) is a body-centred cubic α-Mn, with the highest
lattice constant of 8.911Å[34]. After being heated it transforms into a primitive cubic

β-Mn with lower lattice parameter that is stable until it reaches 1086°C. This α→β

transformation temperature will be used in the following section to determine the
minimum equivalent temperature for plasma in low electrical conditions in EDAMM.

Note that both forms of Mn are hard and brittle[35] which during EDAMM processing
usually helps with efficient milling, crushing, and micro-sintering processes.
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Table 3.3 Manganese crystal structures and their equilibrium temperature ranges.
Symbol
α
β
γ
δ

Crystal type

Cubic

(body-centered, hextetrahedral)
Cubic

(primitive, gyroidal)
Cubic

(face-centered, hextetrahedral)
Cubic

(body-centered, hexoctahedral)

Space

Lattice

group

constant, a

Temp range

I-43m

8.911 Å [36]

RT to 710°C

P4132

6.315 Å [37]

710-1086°C

Fm-3m

3.863 Å [38]

1086-1137°C

Im-3m

3.081 Å [38]

1137-1244°C

Figure 3.1: XRD of a) Mn starting powder and b) Mn processed in EDAMM in Ar with
20% pulse intensity.

In Figure 3.1 the X-ray diffraction of Mn processed in Ar is shown. It can be seen that
the Mn starting powder consists of only α-Mn phases but processing of the powder in

only 20% of maximum EDAMM pulse intensity results in the formation of a significant
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amount of β-Mn. It is thought that the minimum plasma equivalent temperature in
this case is 710°C.

Further investigation of the EDAMM chamber heating during the experiment as

shown in Figure 3.2 indicates that the biggest increase occurred between 60-70% of

maximum pulse intensity, where the temperatures were 26˚C and 34˚C, respectively.

Figure 3.2: EDAMM chamber temperature change during Mn processing in Ar.

3.2.2 EDAMM processing of Al in Ar

To further confirm the minimum temperature obtained in EDAMM in low discharge

energies, Al powder was processed in Ar at 20% of maximum power intensity. As
expected, and as shown in Figure 3.3, Al powder melted even in such low electrical
conditions. The figure shows rounded particles which are thought to have melted or
even evaporated and instantly solidified during pulsed EDAMM processing. It is quite
typical for low melting point metals to form large agglomerates of sintered particles.

27

(a)

(b)

Figure 3.3: Secondary electron images of (a) Al starting powder and (a) Al processed
in EDAMM with 20% pulse intensity.

3.2.3 EDAMM processing of TiO2 in Ar

TiO2 is known to have many polymorphs, of which three are the most commonly

studied, i.e., brookite, anatase, and rutile. Rutile is thought to be more stable than

anatase at all pressures and temperatures [39]. It is widely accepted that the bulk

transformation of anatase to rutile occurs at temperatures above 600°C, but

depending on the processing method, the atmosphere type, particle size [40] and
impurities or doping level [41, 42], this temperature may vary between 400 and
1200°C.

To determine the minimum plasma equivalent temperature, TiO2 powder containing

anatase and rutile was processed in EDAMM in Ar and the phase transformation was
observed. It has been found that even low discharge energies (40% pulse intensity)
resulted in complete anatase→rutile transformation (Fig. 3.4). Once again varied pulse

intensities was used to observe the temperature change of the chamber (Fig. 3.5)

which showed the largest increase in 50-70% of maximum pulse intensity. The result
is similar to the one obtained for the Mn powder which confirms that the
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Figure 3.4: XRD of a) TiO2 starting powder and b) TiO2 processed in EDAMM in Ar
with 40% pulse intensity.

Figure 3.5: Temperature change of EDAMM chamber when processing TiO2 in Ar.
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3.2.4 EDAMM processing of Ti-Cr in Ar
TiCr2 belongs to the class of compounds called Laves phases and can exist in three

polytypes;

1. Low temperature MgCu2-type cubic (C15),
2. MgNi2-type hexagonal (C36)

3. High temperature MgZn2-type hexagonal (C14)[43, 44].

C36 phase was reported to be metastable and it was suggested that it only exists with
Cr excess and after quenching [45]. More commonly, high temperature C14 phase
transforms directly to C15 phase upon cooling.

Figure 3.6: XRD of a) Ti and Cr starting powders and b) TiCr2 processed in EDAMM

with 80% pulse intensity. Legend: C- cubic TiCr2 (C15), H-hexagonal TiCr2 (C14), C,Hpeaks common for both phases.

Starting powders consisting of Ti and Cr metals mixed in stoichiometric ratios
(65wt%Cr) were processed in EDAMM in Ar gas and 80% pulse intensity for 5 min
(Fig. 3.6). Based on the phase diagram [46], high temperature C14 phase exists up till

1370˚C, above which it forms β-TiCr solid solution. No peaks of β-TiCr phases were

found on the X-ray diffraction pattern what indicates that the temperature of the
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processing didn’t exceed 1370˚C. Some peaks could not be identified but they do not
correspond to the β-TiCr phase. On the other hand, peaks corresponding to the cubic

C15 phase were found on the XRD pattern what indicates that some portion of the
processed material was affected to a lesser extent by the highly localized, high

temperature discharges passing through the particles. This temperature gradient
within the particles during the plasma discharge processing results in presence of
both low and high temperature TiCr2 phases.

3.2.5 EDAMM processing of BaO-TiO2 in Ar

BaTiO3 ceramic powders can be obtained from mixing BaO and TiO2 in stoichiometric

ratios. Based on the phase diagram (Fig. 3.7) [47], low temperature cubic BaTiO3
phase undergoes polymorphic transformation at 1430˚C above which it forms
hexagonal crystal structure. Slight non-stoichiometry in the processed powders may

lead to the presence of secondary phases. If TiO2 excess is present those phases are
typically BaTi2O5 and Ba6Ti17O40, whereas excess of BaO may result in formation of

Ba1.054Ti0.964O2.964 and Ba2TiO4. Moreover, even small TiO2 excess (1-2mol%) may

result in the shift of the cubic→hexagonal transformation temperature from 1430°C to
even 1539°C.

BaO and TiO2 mixed in stoichiometric ratios were processed in EDAMM in Ar and 80%

pulse intensity for 5 min (Fig. 3.7). XRD result shows that the starting powder was

fully transformed into a mixture of hexagonal and cubic BaTiO3. The same result,

although not shown here, was obtained when powders were processed with 90%
pulse intensity. Due to the fact that both cubic and hexagonal phases were observed,
the average processing temperature can be estimated as ~1430°C. Similarly to the

TiCr2 phases analysed beforehand, the presence of both low and high temperature
phases indicates that the highly localized, high temperature discharge results in the
temperature gradient within the particles.
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(a)

(b)

Figure 3.7: (Top): BaO-TiO2 phase diagram [48] and (Bottom): a) XRD of BaO-TiO2
starting powders and b) XRD of BaTiO3 synthetised in EDAMM in Ar with pulse
intensity of 80% from BaO and TiO2. Legend;
cubic BaTiO3 and *- hexagonal BaTiO3 .

- TiO2 rutile, - BaO,

- BaO1-x,

-
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3.2.6 EDAMM processing of SiC in Ar
SiC is a ceramic material that experiences polymorphism of a large number of
polytypes which differ in their stacking sequence;
I.

3C-SiC (β)

III.

6H-SiC (α)

II.

4H- SiC

Their formation can be altered by the processing temperature and atmosphere[49].

Low temperature SiC exists as a cubic crystal structure that preferably crystallises
around 1200°C, whereas the high temperature version of hexagonal β-SiC can be

preferably be obtained between 1500-2200°C [38]. Fully hexagonal α-SiC can,
however, be obtained at 1600°C [50].

Figure 3.8: (a) Si+C starting powder and SiC synthesis in EDAMM in Ar from elemental
Si and graphite (C), at (b)40% and (c)90% pulse intensity.

Figure 3.8 shows the XRD of Si+C powders processed in Ar with 40 and 90% pulse

intensities. It can be seen that not all the Si+C starting powder was transformed into
β-SiC because some of the peaks of the starting powders can be still identified even
after processing at the highest electrical conditions. The β-SiC identified in the XRD
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pattern is typically stable below 1600°C, and therefore the maximum temperature
obtained in the process was lower.

Analysis of the change in the temperature of the chamber during the SiC processing

experiment (Fig. 3.9) reveals that the largest increase occurred between 50-60% of

maximum pulse intensity, which is similar to the results obtained for the other
materials. The final temperature obtained through processing was the highest yet
recorded.

Figure 3.9: Change in temperature of EDAMM chamber while processing SiC in Ar.
The publication prepared by our research group showed that the transformation of

β→α-SiC was not possible in Ar atmosphere and can only be achieved when using N2

gas [49]. The reason for that is that the N2 gas molecules are di-atomic and therefore

undergo dissociation and then ionization which increases their energy level. This
energy is then utilized to increase the efficiency of the plasma processing by
increasing the processing temperature.
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3.3 Altering of the EDAMM processing temperature through
atmosphere and electrode coating
Apart from the pulse on/off ratio and pulse intensity of the power supply used in

EDAMM by selecting gas and electrode material we can additionally control the
processing temperature. Monoatomic gases such as Ar and He contain relatively low

amounts of energy at low temperatures, but as the temperature increases the atoms

become more mobile and there is the likelihood of inelastic scattering, so the energy
content in each mole of gas increases. In monoatomic gases this increase in energy is
quite small over a wide temperature range, so to make EDAMM processing more

efficient, diatomic gases such as N2, H2 or even O2 can be used because even low

temperatures cause the diatomic molecules to dissociate and become ionized [51].
Moreover, their energy content is much higher than monoatomic gases.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.10: EDAMM ball electrodes and surface of the chamber after (a, d) processing
in Ar, (b, e) processing in O2/Ar and (c, f) processing in Ar with a TaC coating applied
onto the electrode.
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In the following experiment, the results of processing in three conditions are
compared; Ar, 10%O2/Ar and Ar with the TaC coated electrode. Firstly, Figure 3.11a

and d show that processing in Ar results in a range of highly concentrated discharges
that were visible on the electrode and the surface of the processing chamber. This
distribution of discharges, although highly effective in the path of the discharge, may
result in incomplete processing of the powder in the chamber.

It was found that when the mixture of 10%O2/Ar was used, processing on both

surfaces was much more uniform (Fig. 11b and e), so rather than highly localised
discharge spots, the concentrically distributed areas are visible. Note that the surfaces
on the electrode and the chamber oxidized under these conditions and most likely
contain a wide variety of iron oxides. An oxide layer may form in the first few seconds

of processing, which results in a more uniform distribution of discharges later in the
process. By measuring the surface temperature using thermocouple, as it is presented

in the earlier parts of this chapter, the highest increase in temperature occurred
between 20-40% of the maximum pulse intensity (Fig. 3.12), which is much lower

than 50-70% found previously for Ar gas. Although the surface measurement only
indicates the processes occurring in EDAMM, rather than giving some specific values,

this result shows that much lower temperatures are needed to transfer heat efficiently
in this plasma environment.

The last type of processing condition selected to potentially lower the plasma

temperature was applying a TaC coating on the EDAMM ball electrode. The coating
was prepared by mixing Ta and graphite powders in stoichiometric ratios and

processing them in EDAMM in Ar for 15 min. After each 5 and 10 min of processing
the processed powder was retrieved from the chamber and substituted with a fresh
one. As can be seen in Fig. 3.11 c and f, the discharge area visible on the surface of the

chamber is much more uniform than in the case of bare stainless steel ball electrode

processed either in Ar or 10%O2/Ar. It leads to the conclusion that the discharges

must have been much more evenly distributed across the chamber during the
processing. Additionally, it was noticed during the processing that the ball electrode’s
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movement in the chamber was much more regular than in the previous cases. The ball

didn’t seem to weld itself to the surface of the chamber either, whereas during the

experiments in Ar and 10%O2/Ar the electrode had to be sometimes detached
manually to proceed with the experiment.

Figure 3.11: Change of temperature of EDAMM chamber when processing in
10%O2/Ar with 70% pulse module and varied pulse intensity.

We believe that TaC effect is the opposite to adding O2 to Ar gas, which means the TaC
coating may be slowing down the electrons in the EDAMM chamber by providing non-

homogeneous distribution of TaC on its surface. TaC and other metal carbides are

already used to coat stainless steel to improve its hardness and wear resistance.
Interestingly, Ta was also found to form TaC with the carbon diffusing from the
stainless steel [52] at intermediate temperatures between 1115-1155°C in a
combination of casting and heat treatment. This fact may work in favour of the

efficiency of coating in EDAMM. Here, however the process could be better compared

with TaC powder plasma spraying method, such as in [53], where the TaC coating

retained a porosity of around 14% on average.
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In order to look at the effects of the three abovementioned conditions more closely,

we introduced a thermocouple underneath the processing chamber, in ~1mm

distance from the bottom surface (details in the method section). The values were
recorded right after the processing was finished, to observe the temperature change

when the chamber was cooling down. In the Figure 3.13 the cooling lines are shown.
The top, broken line shows the cooling rate of the 10%O2/Ar condition. It is clear, that

the chamber temperature was the highest right after the processing, decreased
quickly in the first few seconds and then was cooling down slower. It is an important

indication that the overall heating of the chamber was in a high range and is
consistent with the relatively large area of the chamber being affected and shown in
Fig. 3.11b and e. Oxidation of the chamber surface which is an exothermic process

may be one of the reasons for this elevated temperature to be observed. The second,

dotted line in the Figure 3.13 is a representation of the chamber cooling after Ar gas
processing condition. Here, a much larger drop in the temperature is observed
straight after the processing but it plateaus below 50˚C. Again, this result is consistent
with the previous observations of the discharge spots visible in Fig. 3.11a and d which

suggests that the discharges affected some localized areas of the chamber surface
rather than being evenly distributed. The continuous line in the Figure 3.13

corresponds to the EDAMM processing with the TaC coating on the electrode.
Interestingly, the temperature right after the processing was near 50˚C and did not

drop significantly over time. In accordance with the previously observed large
discharge affected area the we suspect that the TaC coating caused much more even

discharge distribution across the processing area and therefore decrease in the
overall plasma temperature.

The above presented observations indicate that the TaC coating and selection of a
different gases composition can contribute to EDAMM discharge temperature control

which can be utilized in processing of large number of materials. In the following
CHAPTER 5 and CHAPTER 6 this fact is further used to optimize the BaTiO3 processing

towards different polymorphs.
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Figure 3.12: Change in temperature of EDAMM chamber while processing in a mixture
of 10%O2/Ar (broken line), Ar (dotted line) and in Ar with TaC coated electrode (solid
line).

3.4 Conclusions

From the experiments presented in this section we can conclude that the temperature

of the EDAMM chamber increases significantly over specific ranges of pulse intensity

(Fig. 3.10). For Mn and TiO2, the largest increase in temperature was recorded

between 50-60% pulse intensities whereas SiC experienced a significant increase
between 60-70%. It is thought that this increase of the temperature of the chamber is

connected with the fact that the intensity of the discharge is large enough to be selfsustaining, despite the distance between the electrode and the bottom of the chamber.

This result implies that the discharge supplied by the pulse power can exist

continuously throughout processing and also explains why conductive metals

processed under high pulse intensities would very often form large, micro-sintered

particles whereas brittle ceramic powders would remain as fine particles.
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EDAMM uses a power supply which creates discharges that are pulsed in order to
prevent the materials from melting. For metals with relatively low melting

temperatures, such as Al, it is impossible to prevent them from melting even in the

lowest pulse intensities. This result defined the minimum equivalent processing

temperature obtained at 20% pulse intensity, which was assessed to be 600°C.
Processing of the materials experiencing a polymorphic transformation on the other
hand, namely TiCr2 and BaTiO3, was employed in order to gain more information

about the intermediate temperatures attained during EDAMM processing. It was
found that both materials undergo an incomplete transformation at 80% of pulse

intensity which is equivalent to less than 1370°C for TiCr2 and an average of 1430°C,
for BaTiO3. This incomplete transformation is an indication that although at a given

pulse intensity the processing temperature is high, the temperature gradient due to

the localized discharges is too large to transform the whole material to the high
temperature stable polymorph.

Figure 3.13: Comparison of the EDAMM chamber temperature with various pulse
intensities for Mn (black), TiO2 (red) and SiC (blue).
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The maximum equivalent temperature in Ar processed at 90% pulse intensity was

established through experiments performed on SiC powder and defined as lower than
1600°C, at which it would transform to higher temperature polymorph.

Further experiments involving modifications of processing conditions by (i) applying

TaC on the stainless steel ball electrode and (ii) introducing 10%O2/Ar gas instead of

Ar, were performed. It was found that the overall temperature of processing was
lowered in the instance of the TaC coating whereas changing from Ar to O2/Ar gas
mixture resulted in its increase. Additionally, the surface of the EDAMM chamber

affected by the discharges was more uniform for both of these modifications in
comparison to the processing with pure Ar gas.
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CHAPTER 4
𝐁𝐁𝐁 − 𝐓𝐓𝐓𝟐 system phase transformations

induced by pulsed plasma processing in EDAMM
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In this chapter the optimization of EDAMM parameters to synthesize the specific
crystal structure of BaTiO3 from BaO and TiO2 starting powders is investigated. The
variables in this processing procedure are (1) the processing atmosphere, (2) the TaC

coating on the stainless steel electrode and (3) the discharge energy of each process.

The results are then validated and supported by supplementary experiments with Ta
and C doping in an Ar atmosphere.

The resultant crystal structures were analysed by X-ray diffraction and the

microstructure of the grains was via secondary electron microscopy (SEM). The

chemical composition and elemental distribution analysis was derived from statistical
information obtained through energy dispersive spectroscopy (EDS) point analysis
and mapping.

This investigation was an advanced study into the change of crystallographic
structures obtained under several different EDAMM conditions, and is therefore an

extension of previous studies into complex MgAl2O4 and CaCu3Ti4O12 and BaLa2Ti4O12

oxides[25].

4.1 Introduction

Barium Titanate (BaTiO3 ) is a ceramic material that is widely used in the electronics

industry as a semi-conductor, thermistor, piezoelectric transducer and capacitor with

high dielectric constant. Its properties and final application depend on Ba/Ti
stoichiometry [54-56], the crystal structure [57], grain size and type [58, 59], the

amount of dopants [60-63] or even the presence of a liquid phase in the early stages of
processing [64] or intergranular phases[65].

BaTiO3 powders can be synthetised by variety of different methods such as solid state

or chemical methods. The solid state synthesis is typically performed using the ball
milling method with BaO or BaCO3 and TiO2 starting powders [66, 67]. High energy

ball milling proved to be an attractive tool for processing of this ceramic as the
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mechanically activated powders exhibit much higher sinterability [68]. It was
concluded that the activation of the powder has a large influence on the density of the

final product and therefore on the dielectric properties. Other processing methods
include hydrothermal processing which is highly sensitive to the precursor type. It

was shown that the temperature of the process can be lowered to 250˚C and result in
a tetragonal type of BaTiO3 when the crystallites are larger than 1 µm [69, 70]. Below

this crystallite size, the crystal structure of BaTiO3 was observed as cubic. Sol-gel

methods, typically relying on organometallic precursors, also proved to be a good way

of nano powders preparation, where the temperature of the process was shown to be
as low as 700˚C and results in pure cubic BaTiO3 [71]. Sintering of the powders above

1200˚C resulted in significant grain coarsening for up to 20 µm and was even more
pronounced at higher temperatures.

For many years, research concentrated on determining how the grain size influenced
the materials’ properties because a growth in grain above 1.2 μm generally reduces

the dielectric constant and piezoelectric coefficient [72], and it is optimal between
0.99 and 1.2μm [73]. From a fundamental research perspective, the crystal structure

determines the electronic properties of BaTiO3 , so one of the main challenges is to
control the synthesizing process to allow for the production of a specific polymorph.

4.1.1 Crystal structures of BaTiO3

BaTiO3 exists as either rhombohedral (<-90°C), orthorhombic (-90-5°C), tetragonal

(5-120°C) cubic (120-1430°C), and hexagonal (>1430°C) (Fig. 4.1a) crystal structures.
Impurities and/or dopants can hugely influence the stabilization of the specific type of
crystal structure. Elements such as Mn, Fe, Cr, Co, Cu, Ru, Rh are said to favour the

formation of a hexagonal polymorph at lower temperatures [74, 75]. Si4+ ion and most

isovalent substitutions on the other hand suppress the formation of hexagonal

polymorph and large rare earths are reported to have a similar effect [76]. Since Fe is
one of the most common impurities, it has been a subject of research where various
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amounts of Fe2O3 powder were added to the BaO and TiO2 starting powders [77].
They found that even small additions of 4at% can reduce the temperature of cubic ↔

hexagonal transformation from 1430°C to 1300°C. For many years the hexagonal form
was perceived as an undesirable phase that is usually formed by over-firing above

1430°C, but recent studies have shown that the BaTiO3 hexagonal phase can have

unique properties such as giant permittivity [78]. The equilibrium diagram (Fig. 1b)

shows that 50/50 mole% of BaO/TiO2 results in the formation of pure BaTiO3 . Any

deviation from that value gives secondary phases in the form of Ba6Ti17O40 if an excess
of TiO2 is added, or Ba2TiO4 when an excess of BaO is present. At temperatures above

1350°C a liquid phase appears which may be a leading factor in determining what
mechanism of formation takes place.

(a)

(b)

Figure 4.1: (a) Simplistic representation of the crystal structures of BaTiO3 and (b)
fraction of the phase diagram of near stoichiometric BaO-TiO2 (based on [48]).
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Transformations of the various crystallographic forms of BaTiO3 are diffusion-less

processes based on a slight rearrangement of the atoms in the unit cell. These kinds of

second order “displacive” transformations, which can be temperature and/or shear
induced, may be regarded as martensitic and are mostly treated as such in literature

[79]. The main aim of the research presented in this chapter study and determination
of the equivalent temperature of the cubic→hexagonal BaTiO3 transformation. Figure
4.2a and b, shows the basic unit cells of those two crystal types. The ideal cubic crystal

structure of BaTiO3 is typically called an ideal perovskite structure; whereas its

transformation to hexagonal type results in the atoms misarrangement resulting in

oxygen deficiency. This transformation temperature can be influenced by the type of

processing, atmosphere, or the type and level of dopants or impurities as shown in the
next sections.

(a)

(b)

Figure 4.2: Basic unit cells of (a) cubic and (b) hexagonal BaTiO3 with visible oxygen
octahedra, where • - Ti,

- Ba and

- O atoms [80].
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4.1.2 Fe contamination
The contamination of Fe during preparation can lead to formation of a variety of

different secondary phases such as Ba4Ti10Fe2O27, Ba6Ti7Fe4O27, Ba4Ti3Fe4O16 or

isostructural to Ba6Ti17O40 - Ba4Ti10Fe2O27 and Ba2Ti4Fe2O13 and can affect the
dielectric constant of the material, as summarised in [63]. The latter three cannot be
distinguished by kikuchi diffraction because the lattice parameters of their monoclinic

crystals are similar, therefore an EDS and TEM analysis was done on the samples to

determine the level of Fe contamination and derive conclusions from the electron

diffraction data. The influence of Fe on the dielectric properties of BaTiO3 has already
been studied by several researchers. For concentrations up to 4at%, Fe is said to

slightly increase the dielectric constant of BaTiO3 at room temperature, whereas
shifting the Curie temperature to lower values, and even at 2 at%, reduces the
formation of hexagonal polymorphs [81, 82]. Above 4at% Fe, the dielectric constant

decreased when the Fe had completely dissolved into the BaTiO3 lattice. Fe

contamination and its influence on phase formation was included in the analysis

because the use of stainless steel for the electrode and base material of EDAMM makes

its appearance and, to a lesser extent, the appearance of Ni and Cr in the processed
powders is highly probable.

4.1.3 Al contamination

Al is a second and often unavoidable impurity in the preparation process. It can form

Ba4Ti10Al2O27 secondary phases which are also isostructural to Ba6Ti17O40. When

formed in the matrix in an irregular shape it does not show the orientation
relationship with tetragonal BaTiO3 but when it has grown on its {111} habit plane it

shows up clearly, possibly assisting the formation of abnormal grain formation [58].

4.1.4 Ta-doping influence
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The results in the later part of this chapter will show that Ta is another element which
can influence the formation of a particular type of phase. Research into Ta doped

tetragonal BaTiO3 shows that it can substitute the Ti4+ in the crystal lattice and lead to

a slightly higher dielectric constant; apparently it can also suppress the formation of

abnormal grain growth and in small amounts promotes densification [62, 83]. In some

cases Ta doping is realised by the addition of Ta2 O5 , where small amounts of a dopant

in the ferroelectric tetragonal type of BaTiO3 reduces resistivity in low doping level
contents by up to 0.3mol%[84]. Moreover the microwave dielectric properties are
enhanced for a single phase Ba10 Ta7.5 Ti0.6 O30 where the precursor was Ta2 O5 and the
samples were ball milled and calcined at 1000°C [85].

A coating of TaC on the stainless steel electrode can potentially reduce the uptake of
Fe to the processed powders and reduce the temperature of the plasma in EDAMM,

but it can potentially lead to the intake of Ta or TaC to the processed powders as well.

The degree of contamination from these elements and compounds was assessed with
EDS and TEM analysis.

4.1.5 Influence of the processing atmosphere

That the atmosphere significantly influences the type of BaTiO3 obtained during

processing has been proven by many studies which involved air and H2/Ar reducing

atmospheres. For example, a pure H2 reducing atmosphere during final sintering is

thought to reduce the cubic-hexagonal transformation temperature from 1430 to

1330°C[86]. It was also observed that Ba6Ti17O40 improves this transformation and is
thought to form a eutectic liquid with BaTiO3 at 1320°C. A statement was made that

this melt could possibly encourage a discontinuous grain growth which would result
in a coarse microstructure.

During traditional heat treatment methods in a H2/N2reducing atmosphere and

temperatures above 1300°C, the only phases formed on the basis of the BaO-TiO248

Ti2O3 phase diagram were Ba2TiO4, BaTiO3-δ, Ba2Ti6O13 and hollandite phases[47].
Reducing atmospheres during synthesis or sintering reduced the Ti4+ to Ti3+,

introducing oxygen vacancies. Attempts were made to restore the oxygen

stoichiometry in the material, such as in [55], where annealing in air was done at

850°C after preparing the sample using the SPS method. In this case the results
showed that the best dielectric properties were obtained when the samples were
quenched in air after short annealing times. Seemingly, low partial pressures of

oxygen during processing are better for hexagonal phase formation than ambient

conditions. Moreover, experiments carried out in [87] indicated that the tetragonal

BaTiO3 obtained through the thermal decomposition of BaTiO(C2 O4 ) ∙ 4H2 O and

reduction in H2 caused its oxygen deficiency, but further heat treatment in an O2
atmosphere at 1375°C returns the tetragonal/cubic modification. This effect was only
partially observed at 1320°C.
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4.2 Characterisation of starting powders and
𝐁𝐁𝐁 − 𝐓𝐓𝐓𝟐 processing conditions

BaO belongs to a group of oxides with a hydrophilic nature and easily forming

Ba(OH)2*H2O, as can be seen on the XRD pattern of the starting powder (Fig. 4.3a).
Apart from stoichiometric BaO, the powder also contains a small amount of BaO1-x

(PDF 47-1488). TiO2 powder however, consists of both rutile and anatase
polymorphs.

(a)

(b)

(c)

Figure 4.3: (a) X-ray diffraction of the BaO − TiO2 starting powders and SEM images of
morphology of b) BaO and (c)TiO2 starting powders. Legend:
BaO1-x

- TiO2 rutile, - BaO,

-
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The morphology of the starting powders is shown in Fig. 4.3b and c. BaO particles
tend to aggregate together due to their hygroscopic nature, although the sizes of
individual BaO and rutile particles are actually similar.

BaO − TiO2 starting powders were processed in EDAMM in a variety of conditions
where the variables included: time, type of gas, electrical conditions, the pulse on/off

ratio and pulse intensity, the type of electrode, the presence of a coating on the

electrode (Table 4.1). An extensive investigation into the effects of the synthesis in
these conditions is presented in this chapter, where an optimisation of these
processing conditions resulted in obtaining powders chemistry with a minimal
amount of secondary phases present.

The samples were divided into the following groups (see Table 4.1):
Ar_ B group
Samples in this group were processed in an Ar atmosphere for up to 30 minutes and
with a ball electrode. This experiment was carried out to determine whether or not

excessive EDAMM processing times influences the final crystal structure of
BaO − TiO2 processed powders. This analysis was carried out via X-ray diffraction.
TaC_Ar group
In this group, a coating of TaC was applied onto the surface of the electrode to: 1.
reduce the amount of Fe contamination in the milled powders and/or shift the type of

contamination e from Fe to Ta, 2. to possibly alter the temperature of the plasma by

introducing a barrier between the stainless steel electrode because it has the potential

to change the characteristics of the plasma. The latter are discussed more widely by
A. Aksenczuk in his PhD thesis [88]. The samples were processed in EDAMM for 1, 2,

and 4 minutes and the results for the sequence of processing conditions are

presented. This analysis includes an X-ray diffraction (XRD), scanning electron
microscopy (SEM), and energy dispersive spectroscopy (EDS). Moreover, SEM/EDS
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analysis of the surface of the TaC coated electrode and transmission kikuchi

diffraction (TKD) was carried out on the lamella prepared from the surface layer of
the electrode coated with TaC.
𝐎𝟐 /𝐀𝐀 group

A 10%O2 /Ar mixture was used to increase the temperature of the plasma due to the

higher energies carried by O2 molecules and then compare the result to monoatomic

Ar [51]. The samples were processed in EDAMM for 1, 2, and 4 minutes and the results

for the sequence of processing conditions are presented. The results presented in this
chapter include the XRD, SEM and EDS analysis.
Ar_C group
The starting powders of BaO and TiO2 were weighted in stoichiometric ratios and
then an additional amount of 0.006g (3 wt%) of graphite was added. The mixture was
processed under the same conditions as the Ar group samples. Due to the possible
transfer of Ta and C into the processed powders, adding graphite to the mixture could
help the possible effect it has on the processed powders.
Ar_Ta group
After mixing the BaO and TiO2 powders in stoichiometric ratios, an additional amount

of 0.022g (11 wt%) of Ta powder was added, and then an X-ray diffraction analysis of
the resultant powders was carried out.
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Table 4.1: Detailed processing conditions for preparation a variety of BaTiO3 samples.

Group

Sample

name

name

Ar_B

Gas

Pulse on/off

Pulse

Time

Electrode

Power input

type

ratio (%)

intensity (%)

(min)

type

type

Ar_B_20

Ar

70

80

25

SS** ball

Direct current

TaC_Ar_1

Ar

70

80

1

TaC coated SS** ball

Direct current

Ar_B_30

TaC_Ar TaC_Ar_2
TaC_Ar_4

O2 /Ar
Ar_C

Ar_Ta

Processing conditions

O2 /Ar_1
O2 /Ar_2
O2 /Ar_4
Ar_C_4

Ar_Ta_4

Ar
Ar
Ar

10%O2 /Ar
10%O2 /Ar
10%O2 /Ar
Ar
Ar

70
70
70

40-50*
40-70*
40-90*
40-90*
40-90*

80
80
80

80-90*
80-90*
80-90*
80-90*
80-90*

30
2
4
1
2
4
4
4

SS** ball

TaC coated SS** ball
TaC coated SS** ball
SS** ball
SS** ball
SS** ball
SS** ball
SS** ball

* indicates gradually increasing electrical conditions throughout the experiment ** SS-stainless steel

Direct current
Direct current
Direct current
Direct current
Direct current
Direct current
Direct current
Direct current
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Table 4.2: Processing conditions of TaC_Ar group powders.
Total
time
(min)
4 min

Processing

Pulse on/off

Pulse

Target current

Power input

time (s)

ratio (%)

intensity (%)

(A) δ = ± 0.1 A

(A) δ = ± 0.07 A

30

70

80

3.89

Table 4.3: Processing conditions of O2 /Ar group powders.
Total
time
(min)
4 min

2.46

Processing

Pulse on/off

Pulse

Target current

Power input

time (s)

ratio (%)

intensity (%)

(A) δ = ± 0.1 A

(A) δ = ± 0.07 A

Effective
power
(A) δ = ± 0.02 A

0.45

Effective
power
(A) δ = ± 0.02 A

Vibrations
(V)
0.8

Vibrations
(V)

30

40

80

1.20

0.40

0.13

0.8

30

50

80

2.20

1.30

0.28

0.8

30
30
60
60
30

0

60
70
80
90

0

90
90
90
90

0

3.50
4.20
4.67
4.65

0

2.18
2.71
3.10
3.07

0

0.42
0.50
0.59
0.57

0.8
0.7
0.7
0.7
0.7
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4.3 Results and discussion
4.3.1 “Ar_B group” samples
Samples in group Ar_B were processed in an Argon atmosphere for 25 and 30
minutes. The results show that processing in an Ar atmosphere and using clean
stainless steel electrode always results in a mixture of hexagonal (PDF no. 34-0129)

and cubic (PDF no. 05-0626) polymorphs of BaTiO3. Many previous experiments also

revealed that the ratio of those two phases is quite random, which supports the fact
that the processing time in constant electrical conditions is not a factor when forming

a specific polymorph of BaTiO3. In our case, the experiment was carried out several

times and each time the hexagonal/cubic BaTiO3 ratio varied. Thus, analysis of the
phase content based on the two graphs presented in Figure 4 would not be

representative. The following research was carried out to determine the specific
conditions needed to obtain only one phase cubic or hexagonal polymorph.

Figure 4.4: XRD of the Ar_B group samples; a) starting powder, and BaO − TiO2
processed for b) 25 and c) 30 min. Legend:

- cubic BaTiO3 and * - hexagonal BaTiO3 .
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4.3.2 “TaC_Ar group” samples
Electron microscopy and X-ray diffraction
BaO and TiO2 powders of the TaC_Ar group were processed for up to 10 minutes in an

Ar atmosphere using ball electrode coated with TaC; the electrical conditions set for
processing are shown in Table 2.

Figure 4.5 presents the XRD patterns for samples of the TaC_Ar group; here the XRD

analysis shows that an almost single phased cubic BaTiO3 . It obtained within 2

minutes of processing, with a minor amount of a secondary phase and further

processing did not lead to further transformation into a high temperature polymorph

with a hexagonal crystal structure. Therefore, once the temperature reached its
maximum and the cubic phases were formed, there is no further increase in the
processing temperature.

Figure 4.6 shows the XRD pattern of TaC_Ar_1 sample; here the peaks were indexed to
three phases; cubic BaTiO3 , a remnant of the TiO2 starting powder- rutile and the

nanocrystalline phase of orthorhombic BaTiO3 . The latter is most commonly reported

as being of the Amm2 space group, but the existence of a Pnma type of structure at
room temperature and under high pressure has been reported [89, 90]. Because of the
nature of EDAMM and a history of reported nanostructural and metastable phases,

this result is not surprising despite the fact that this crystal structure is considered to
be stable below 5°C. As stated in [91], the stability of BaTiO3 phases is connected to

the size of the crystallites, so if the crystallite is smaller than 280nm, BaTiO3 probably

exists as an orthorhombic crystal rather than tetragonal or cubic.
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Figure 4.5: XRD patterns of a) BaO − TiO2 starting powders, and TaC_Ar group

powders processed in EDAMM for b)1 min, c)2 min, d)4min e)5min and f)10 min. On
the right hand side a magnified 42-48 degrees 2-theta peak is shown as a proof of
cubic crystal structure. Legend:
orthorhombic BaTiO3 and

- TiO2 rutile,

- cubic BaTiO3 .

- BaO,

- BaO1-x,

-
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Figure 4.6: X-ray diffraction pattern of TaC_Ar_1 sample. Legend:
cubic BaTiO3 and - orthorhombic BaTiO3 .

- TiO2 rutile,

-

Figure 6 shows the XRD spectrum with broad peaks corresponding to the

nanostructural Pnma type of orthorhombic BaTiO3 , previously observed in [89, 90].

Through the selected area, the electron diffraction of the nanocrystalline powder

particles (Fig. 4.7b) shows that diffraction spots corresponding to the specific set of
planes in Pnma crystals differ slightly from than indicated in the literature; they are
compared in Table 4.4.

Table 4.4: Orthorhombic BaTiO3 reflection list compared with the literature data [89].
Experimental d-spacing

Lit. d-spacing

Deviation

h

k

l

4.576

4.556

0.020

0

1

1

3.552

3.645

0.093

2

0

0

3.752
3.106
2.652
2.649

3.712
3.215
2.658
2.631

0.040
0.109
0.006
0.018

1
2
0
2

1
1
2
1

1
1
0
1
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(a)

(c)

(b)

(d)

(e)

Figure 4.7: (a) TEM image of the nanoparticles obtained after EDAMM processed

TaC_Ar_1 sample, (b) electron diffraction of the particles in (a) and (c-e) elemental
distribution of those particles.

The elemental distribution obtained through scanning transmission electron

microscopy (STEM) confirmed the uniformity of Ba and Ta in the particles observed,
despite their irregular shape, and a global analysis of the map spectrum showed that
Ba and Ti constituted 51.2 ± 0.86 at% and 48.8 ± 1.04 at%, respectively. All these

analytical techniques proved the crystalline structure, chemical composition, and
nanocrystalline character observed earlier on the XRD pattern.

An SEM analysis of the polished surface of the pellet (Fig. 4.8a) pressed from the same

sample (TaC_Ar_1) showed that, apart from the nanoparticles, there were also larger
particles as well. The averaged values of the spot EDS confirmed that the lighter grains
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(a)

(b)

(c)

Figure 4.8: Back-scattered SEM images of the cross-section of the pellet pressed from
the TaC_Ar_1 sample. (a) is an overview of the sample in low magnification, (b)

partially processed BaTiO3 particle and (c) area with TiO2 particles (dark) and
nanostructured BaTiO3 (lighter).

have a chemical composition close to stoichiometric BaTiO3 (Fig. 4.8b). The grain sizes

of this phase suggested that, with the correlation to the XRD result, they corresponded
to cubic BaTiO3 phase, whereas a darker phase had a Ba:Ti ratio of ~1:2.5, which is

close to the composition of Ba2 Ti6 O13 . In other areas of the pellet, there are Ti and Ba-

rich areas that are related to the presence of starting powders.

According to the XRD results shown in Figure 4.5c, 2 minutes of processing in EDAMM
is sufficient to transform the BaO − TiO2 starting powders into a near single phase

cubic BaTiO3 , denoted as TaC_Ar_2. Cubic crystals are often obtained during
processing, but they are unstable and transform to a tetragonal form at room
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temperature. The stabilisation of a cubic type of BaTiO3 crystal structure could be due

to the calcination temperature [92], the starting materials, grain sizes, and the
preparation route [93]. The effect of grain size is summarized in [91] where the

critical size needed to induce a cubic-tetragonal transformation was 25-200nm. Those
results were compiled from processing methods such as precipitation from barium
tytanyl oxalate tetrahydrate (BTOT), sol-gel, ground powder, hydrothermal, and thin

film and powders crystallised from glass. It was further proven in [93], that cubic

crystal can be further stabilised by increased stresses in the material and defects that
hinder cubic-tetragonal phase transformation. It was long suspected that EDAMM

processing could induce these levels of stresses in powder materials and now the

experimental data seems to confirm this theory. Here, the cubic crystal structure is
sustained even though the grain sizes exceed 200 nm.

Figure 4.9: X-ray diffraction and indexing of the secondary phase found in TaC_Ar_2
and TaC_Ar_4 samples.

In the XRD pattern, the tetragonal crystal structure manifests itself as a double peak
between 45-46 2-theta degrees. The magnified XRD pattern within that range, shown
as an inset in Figure 4.5 shows there is no such split.
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There is a range of smaller peaks close to the main, near 30 degrees 2-theta peak,

whose positions were identified and assigned to Ba2 Ti4 O13 , with a monoclinic crystal
structure that belongs to the space group 12, C12/m1 (Fig. 8).

Powder particles from the TaC_Ar_2 sample were pressed into a pellet to study their
microstructural features. The structural integrity of the pellet was much better than

TaC_Ar_1 and the particles were much more uniform in size. Moreover, back-scattered
imaging revealed that most of the light grains (over 90%) have the same circular
shape whereas the darker, secondary phase has an irregular shape which fills the
spaces between the former one (Fig. 10b).

Figure 4.10b-f shows the elemental distribution obtained through EDS is shown.

Through a quantitative analysis the light grains visible in Figure 4.10, the Ba:Ti ratio
was assessed as approximately 1:1.1 which is consistent with previous XRD data (Fig.
4.5c) of cubic BaTiO3 . The elemental composition of this phase indicates a uniform
distribution of Ba, Ti, and Ta elements, with the latter assessed to be ~0.8at%. Fecontamination in the sample was localised and mainly in the secondary phase

areawhere also traces of Al were found. The Ba:Ti ratio in this region was
approximately 1:2.5.

The microstructure of the typical region of the TaC_Ar_4 pellet is shown in Figure
4.11a. The main phase of a lighter colour was assessed to make up around 85% of the
total area of the particle, which seems to have sub-grains in its structure. Quantitative

spot analysis of the grains revealed that the average Ba:Ti ratio is ~1.1, which
corresponds to the BaTiO3 phase that was indexed before in the XRD pattern (Fig.
4.5d).

Those areas were found to be richer in Ta, but the level detected by EDS was less than

0.5 at%. However, the secondary phase has a much less uniform elemental
distribution with areas rich in Fe, and Ti. A quantitative analysis shows that the Ba:Ti
ratio in this region is ~1:2.5 which is consistent with the Ba2 Ti6 O13 secondary phase
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(a)

(b)

(c)

(e)

(d)

(f)

Figure 4.10: EDS mapping of the TaC_Ar_2 pellet. (a) backscattered electrons image,
(b) quantitative analysis of the light and dark phases and (b-f) elemental distribution
of the elements.

previously observed in the XRD pattern (Fig. 4.5). Having a locally increased Fe

contamination level it may also exist as one of the isostructural phases with the same

monoclinic C12/m1 space group, namely Ba2 Ti4 Fe2 O13 or Ba4 Ti10 Fe2 O27 . Later in the

thesis, the monoclinic phase, for simplicity reasons is going to be called monoclinic
Ba2 Ti6 O13 phase.
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(a)

(c)

(d)

(f)

(e)

(g)

Figure 4.11: EDS mapping of the TaC_Ar_4 pellet. (a) backscattered electrons image,
(b) quantitative analysis of the light and dark phases and (b-g) elemental distribution
of the elements.
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4.3.3 TaC coating on the stainless steel electrodeX-ray diffraction and SEM/EDS characterisation
The previous section shows how the TaC coating on the EDAMM electrode affects the
final crystal structure of BaTiO3 . The cubic crystal structure of BaTiO3 , stable in the
120-1420 °C temperature range, was identified by an XRD and EDS quantitative
analysis of the powder’s cross-sections. In fact, unlike the sample of group Ar_B where

no TaC coating was applied, hexagonal and cubic crystal structures prevailed even
after 30 minutes of EDAMM processing. It is thought that the TaC coating affects the
the plasma character, which was previously observed in [88]. As a result, the
processing temperature decreased so that the lower temperature polymorph of
BaTiO3 could stabilise and its transformation to a hexagonal polymorph hindered.

The characterisation of the surface of the ball electrode after being coated with TaC is
shown in Figure 4.12. X-ray analysis shows that the coating prepared from Ta and C
powders has a crystal structure of TaC (PDF 03-1137). Additionally, some

characteristic peaks contributing to pure Ta and the Fe3C (stainless steel electrode)
can be found.

EDS analysis of the TaC coated EDAMM electrode shown in Figure 4.12b-h shows that

the coating is non-uniform. Ta-rich areas make up only 25% of the area shown in
Figure 4.12c however a large amount of the surface is also Al,O-rich. The latter,
although the electrode was thoroughly cleaned, is a remnant of the Al2O3 sand from

the sand blasting surface cleaning. The underlying stainless steel material of the
electrode on the other hand, manifests itself on the Fe map, shown in the Fig. 4.12d.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 4.12: (a) XRD and (b) elemental distribution map of the EDAMM electrode
surface after TaC coating, and (c-h) elemental distribution of each element. Legend:
- Fe3C, *- TaC and - Ta.

The results presented above suggest that the surface properties of the EDAMM ball

electrode changed due to the TaC coating treatment. It is believed that the electrons
escaping the electrode’s surface and forming the plasma discharge are therefore less
efficient in the ionization of the Ar gas and so decreasing the overall temperature of
the plasma during processing.
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4.3.4 “𝐎𝟐 /𝐀𝐀 group” samples-

Electron microscopy and X-ray diffraction

The O2 /Ar group of samples represents the results of EDAMM processing where
10%O2 was introduced into the otherwise inert Ar atmosphere. Details of the

processing conditions are shown in Table 2.

The sequence at which the powders were processed involved low electrical conditions
at the beginning of the process, followed by the pause in the electrical current input

for a short period of time, while retaining the vibrations. It is thought that the initial

stage of processing reduces the level of water absorbed on their surfaces and
therefore improves their mixing efficiency, hence, the mixing of the powders without

the electrical current was applied after the first 30 seconds. The next steps included

sequenced increase of the pulse pulse on/off ratio and pulse intensity of the EDAMM

power supply setting. These parameters were optimised to obtain the maximum
amount of BaTiO3 and the minimum amount of secondary phases and remnants of the
starting powders.

Figure 4.13 shows the XRD patterns of BaO − TiO2 processed in the O2 /Ar group of

samples conditions are shown for up to 4 minutes of processing. It has been found

that the hexagonal and cubic types of BaTiO3 crystal structures could be indexed after

just 1 minute of EDAMM processing (Fig. 4.13b). The starting powder peaks were also
indexed at this stage.
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Figure 4.13: XRD patterns of a) BaO − TiO2 starting powders, and O2 /Ar group

powders processed in EDAMM for b)1 min, c)2 min, d)4min. On the right hand side a
magnified patterns around 28-37 degrees 2-theta are shown. Legend: - TiO2 rutile,
- BaO, - BaO1-x,

- cubic BaTiO3 and * - hexagonal BaTiO3 .
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(a)

(b)

(c)

(d)

Figure 4.14: Back-scattered SEM images of the cross-section of the pellet pressed from
the O2 /Ar_1 sample. (a) is an overview of the sample in low magnification, (b)

partially processed BaTiO3 particle, (c) the area with TiO2 particles (dark) and

nanostructured BaTiO3 (lighter), and (d) nanoparticles observed in the area marked
by a red square in (a.)

The SEM image of backscattered electrons of the cross section of an O2 /Ar_1 pellet

(Fig. 14a) shows some regions with vastly different chemistries that contributed to
the remnants of the starting powders (Fig. 14c) mentioned previously, as well as some

fully processed particles (Fig. 14b). This is an important result because it shows that
even intermediate electrical conditions (50% pulse module and 80% pulse

intensity, O2 /Ar ) already result in the growth of a high temperature stable polymorph

of BaTiO3 .
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Additionally, large amount of nanoparticles were observed (Fig. 14d) which were
assessed by point EDS analysis to have an approximately 1:0.9, Ba:Ti ratio. Due to a
previous XRD examination and the presence of the above mentioned hexagonal

crystal structure, it is safe to assume that those particles are monocrystalline cubic
BaTiO3 particles.

In order to improve the efficiency of EDAMM processing in O2 /Ar atmosphere, the

electrical conditions were increased further, and after 2 minutes of EDAMM

processing majority of the phase was indexed as hexagonal BaTiO3 with a small
amount of cubic polymorph and secondary phase (Fig. 13c). In terms of the

microstructure, the SEM backscattered electrons image of a cross section of the O2 /

Ar_2 pellet (Fig. 15a) shows that some regions with chemistries contributed to the
starting powders (Fig. 15c), as well as some fully processed particles (Fig. 15b). It

should be noted that the microstructure of the grains observed in this sample differs
from the characteristic cubic BaTiO3 grains presented earlier for the TaC_Ar samples.

These microstructural features are well known for the martensitic transformation
that occurs in martensitic steels, where FCC austenite transforms into the BCT (body

centered tetragonal) crystal structure upon quenching from a high temperature.
Although the speed at which EDAMM processed powders is not yet known, their
microstructural characterisation gives some indication into the possible processes.

Interestingly, in the regions where particles were apparently not processed, high

magnification imaging revealed a large amount of fibrous structures that were
approximately 165 nm in diameter, which is a slightly larger than 135nm diameter

particles processed for 1 minute. An EDS analysis of these regions revealed either
pure Ba or Ba with up to 20-33at% of Ti.
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(a)

(b)

(c)

(d)

Figure 4.15: (a) Cross-sectional view of the O2 /Ar_2 sample pellet, (b) BSE image

showing typical microstructural features, (c) area with only partially processed
powders, and (d) nanorods observed in a region denoted as a red square in (a).

XRD analysis of the powders processed for 4 minutes in EDAMM and denoted as
O2 /Ar_4 suggested that most of the powders consisted of hexagonal BaTiO3 , and

indeed, the BSE image presented in Figure 4.15 a shows that the elongated grains are
almost 81% of the total area of the analysed particle. Moreover, EDS mapping of the

particle indicates there was almost no change of the Ba:Ti ratio in the elongated grains

and secondary phase, but the latter does contain a much larger amount of Fe; this
result is similar to the sample TaC_Ar_2 and TaC_Ar_4 (Fig. 4.10 and 11).
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(a)

(b)

(c)

(e)

(d)

(f)

Figure 4.16: EDS mapping of the O2 /Ar_2 sample pellet. (a) backscattered electrons

image, (b)quantitative analysis of the light and dark phases and (b-f) elemental
distribution of the elements.
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(a)

(b)

(c)

(e)

(d)

(f)

Figure 4.17: EDS mapping of the O2 /Ar_4 sample pellet. (a) backscattered electrons

image, (b) quantitative analysis of the light and dark phases, and (c-f) elemental
distribution of the elements.
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4.3.5 Supplementary experiments
This section presents other results that provide more information about the influence
of a certain group of elements on the processing conditions and BaTiO3 synthesis. In

previous sections it was shown that the TaC coating on the electrode has a significant
influence on the type of BaTiO3 crystal structure obtained during EDAMM processing.

4.3.5.1 Ta doped 𝐁𝐁𝐓𝐓𝐓𝟑

Perovskite structures can effectively accommodate large amounts of foreign atoms in
their crystal structure. Due to the EDAMM components heating up during the

processing, it is likely to observe some elements being transferred/diffuse into the

milled powders. The main contaminant of stainless steel components is Fe but when

one electrodes is coated with TaC those elements will probably be transferred. It was
shown in the previous sections that in this case, low levels of Ta were found in BaTiO3

grains, but the level of carbon concentration had not increased.

In the following experiment, starting powders of BaO − TiO2 were mixed in
stoichiometric ratios and then an additional amount of 11wt% of Ta powder was

added. The powders were then processed for 4 minutes in EDAMM in the same
conditions as the TaC_Ar samples. XRD analysis revealed that the final crystal

structure of BaTiO3 has cubic and hexagonal crystal structures with majority of the

former. It seems that doping BaO − TiO2 powders with small amounts of Ta stabilises
the cubic crystal structure although the uneven distribution of Ta powder means that

some areas remain unaffected by the addition of Ta. Perhaps longer milling times and
a sequential approach to the addition of Ta powder would reveal the complete
formation mechanism; this will be considered in future work on this subject.

Nevertheless, unlike the samples milled in pure Ar and without the TaC coating on the

electrode, small amounts of additional Ta resulted in more cubic types of BaTiO3 after
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only 4 minutes of processing. It can therefore be concluded that Ta doping does not

affect the sizes of the crystallite because the XRD peaks appear to have a similar width
to previously observed samples of TaC_Ar.

Figure 4.18: XRD pattern of the Ta-doped BaTiO3 . Legend:
hexagonal BaTiO3 .

-cubic BaTiO3 and *-

4.3.5.2 C doped 𝐁𝐁𝐓𝐓𝐓𝟑

To assess the influence of C doping on the formation of BaTiO3 , 2.75 wt% of loose

graphite was added to the BaO − TiO2 starting powders and the mixture was
processed for 4 minutes in EDAMM in Ar with a clean electrode. It was found that the
particle sizes of as-prepared powders were much smaller (1.4± 0.3 μm) than the

previously examined BaTiO3 (Fig. 19a) doped with Ta.

Figure 19b shows the XRD pattern obtained from the loose sample doped with C; here

the crystal structure and particle size are completely different from the BaTiO3 doped

with Ta because it seems that only a hexagonal type of BaTiO3 with some minor
possibly Ba2 Ti6 O13, was obtained in this experiment.
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(a)

(b)

Figure 4.19: (a) SEM image of the broken pellet of C doped BaTiO3 and (b) XRD of the
C-doped BaTiO3 , where * - hexagonal BaTiO3 .

Since C is a reducing agent in the many oxide reducing reactions recently reviewed in
[94], the so-called carbothermic reactions reduce the grain and particle sizes to the
micro or even nanometer level in many instances, then enables development of

devices based on nanoscience and nanotechnology. The stoichiometry of the starting

materials and strict atmospheric control is a fundamental requirement for obtaining
single phase, reduced oxides in this type of chemical reaction. It is possible to use a
variety of carbon sources such as graphite, carbon black or carbon nanotubes but

based the literature review, no global analysis of the efficiency of using different
sources has yet been undertaken. It is possible that the carbothermic reduction
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mentioned above did take place when processing BaO − TiO2 powders, but since the
hexagonal

polymorph

of

BaTiO3

is

oxygen

deficient,

and

many

BaTiIV1−x TiIII x O3−x/2 (0<x<0.30) powders with varied stoichiometry were reported
previously in [95], it is highly likely that such a reduction took place here as well.

However, a double effect in the EDAMM processing was thought to occur in this
experiment because; (1) adding carbon to the starting powder reduces the TiIV ions

to TiIII , and bonds with the “excess” oxygen atoms leading to a hexagonal type of

BaTiO3 and CO/CO2, (2) BaO and TiO2 undergo reduction in the first place, which
results in nonsoichiometric BaO1−x and possibly Ti2 O3 , Tix Oy or TiOx Cy [96] from

which an oxygen deficient hexagonal type of BaTiO3 is formed.

4.4. Phase formation sequence for TaC_Ar samples
In this research an influence of TaC coating on EDAMM processed BaO-TiO2 starting
powders in Ar atmospheres was studied (Fig. 4.20). It was found that the first stage of

processing, where only a few seconds of high energy discharge pulses are applied to
the starting powders the desorption of water particles from BaO occurs (eq 1.1), and
although water evaporates at 100°C, the water particles that are absorbed on the

surface of BaO can withstand much higher temperatures. This is an important fact
because as suggested previously, water molecules can affect the final phase

composition of synthesized materials [97]. Moreover, TiO2 anatase transforms

irreversibly into TiO2 rutile and depending on the particle size, preparation conditions
and atmosphere can occur anywhere between 600-1200°C. In a comprehensive
review [39], the authors state that inert or reducing atmospheres can result in

increased amounts of oxygen vacancies in the crystal structure which then results in a

faster transformation towards rutile. Additionally, further studies into the effect that
the atmosphere has on the transformation temperature, revealed that transition
metals also promote the formation of rutile above 700°C [98, 99]. Since those oxygen

vacancies can also be created by the reducing character of C in TaC coating, this result
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suggests that the efficiency of TiO2 anatase → rutile transformation is very high
(eq.1.2).

An oxygen deficient TiO2 rutile structure and BaO and BaO1-x under highly localised
DC discharges are then forming an orthorhombic type of BaTiO3 (eq.1.3). It was

proven in the following chapter that these types of crystallites formed particles of
~1 μm in diameter, which proves that EDAMM processing is a unique tool for

obtaining phases which cannot be seen in traditional processing methods and
therefore should be investigated further. It was observed in [90], that ferroelectric

nanoparticles provide dielectric properties that are good for detectors or thermal
imaging.

First few seconds
S.S+TaC

Ba(OH)2 • 𝑥H2 O �⎯⎯⎯⎯� BaO1−x + BaO + H2 O ↑
S.S+TaC

TiO2(A) �⎯⎯⎯⎯� TiO2(R)
1 minute of EDAMM

S.S+TaC

BaO + BaO1−x + TiO2(R) �⎯⎯⎯⎯� BaTiO3(O)
2 minutes of EDAMM
S.S+TaC

TiO2(R) + BaTiO3(O) �⎯⎯⎯⎯� BaTiO3(C) + Ba2 Ti6 O13
4 minutes of EDAMM

(1.1)
(1.2)
(1.3)
(1.4)

Grain growth of BaTiO3(C)

Figure 4.20: Proposed phase formation sequence for the TaC, where A-anatase, Rrutile, O-orthorhombic BaTiO3 , C- cubic BaTiO3

Orthorhombic transformation to a cubic polymorph upon heating normally occurs

through another ferroelectric phase – tetragonal BaTiO3 , after which tetragonal

distortion is realised by the displacement of Ti3+ in the crystal to give it ferroelectric
properties [100]. During EDAMM processing however, transformation leads to
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transformation into a cubic polymorph without the tetragonal crystal distortion (eq.
1.3). This sequence is once again thought to be due to highly localised discharges

which make the transformations much more efficient; because this type of
transformation is displacive it can occur almost instantaneously. Simultaneously to
cubic BaTiO3 formation, Ba2 Ti6 O13 secondary phase was identified which most likely
occurs due to the Ti-rich regions and local non-stoichiometry in the powders.

(a)

(b)

(c)

(d)

Figure 4.21 Cubic BaTiO3 grain growth model in EDAMM processed powders. (a)

starting powders in EDAMM environment with (b) an inset of fast, short-distance

diffusion in activated powders, (c) nucleation od cubic BaTiO3 grains and initial grain
growth and (d) final microstructure of sample containing exclusively cubic BaTiO3.

In terms of the microstructure change due to the processing discussed above, a cubic
BaTiO3 grain growth model observed in the TaC_Ar sample is presented in the Figure
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4. 21. During the EDAMM processing where Ar ions and electrons are charge carriers,
their impact on the processed powders was modified by introducing of the TaC

coating on the ball electrode. This resulted in the cubic BaTiO3 grain nucleation from
the BaO-TiO2 starting powder. The grains were initially observed to be randomly

distributed in the BaxTiyOz matrix where x,y,z were varying significantly depending on

the analysed region. Further processing resulted in the cubic BaTiO3 grain growth

which comprised majority of the observed particles with a small amount of
Ba2 Ti6 O13 secondary phase.

4.5 Phase formation sequence for O2/Ar samples

While EDAMM processing BaO − TiO2 starting powders in O2/Ar atmosphere, a high
temperature hexagonal BaTiO3 was synthetised. Although similar to the TaC_Ar
samples, the first step in processing involved the desorption of water particles from
BaO powder and the transformation of TiO2 anatase to rutile; further processing

reveals a different scheme (Fig. 4.21).

First few seconds
S.S

Ba(OH)2 �� BaO1−x + BaO + H2 O ↑
S.S

TiO2(A) �� TiO2(R)

1 minute of EDAMM
S.S

BaO + BaO1−x + TiO2(R) �� BaTiO3(C) + BaTiO3(H)
2 minutes of EDAMM
S.S

TiO2(R) + BaTiO(C) �� BaTiO(H) + Ba2 Ti6 O13
4 minutes of EDAMM

(2.1)
(2.2)
(2.3)
(2.4)

Grain growth of BaTiO3(H)

Figure 4.22: Proposed phase formation sequence for O2/Ar where A-anatase, R-rutile,
H-hexagonal BaTiO3 , C- cubic BaTiO3 .
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Here, the final crystal structure of hexagonal BaTiO3 was preceded by cubic rather

than orthorhombic crystallites. Based on an XRD investigation it appears that further

processing during the first minute results in the formation of both cubic and
hexagonal crystal structures. However, a cubic crystal structure is the first one formed

after heating between 120-1430°C, so we propose that the mechanism whereby

hexagonal BaTiO3 is formed in EDAMM always involves an intermediate step with
cubic crystals. This conclusion is also based on the facts presented in the section with

O2/Ar samples where we indicated that the processing conditions involve a gradual
increase of electrical conditions in order to minimise the amount of contamination
and secondary phases, and to maximise the amount of hexagonal BaTiO3 . Because of

the fact that cubic → hexagonal BaTiO3 transformation is of the martensitic type, it
happens extremely fast often described as occurring at the speed of sound. We believe

that EDAMM discharges which enable microsecond pulses supply enough energy to
enable the transformation of the materials which are usually lengthy in preparation
and, on the other hand, utilise this energy for short periods of time to prevent them

from melting. This might also suggest that the short time in which the discharge is
acting on the particle prevents excessive grain growth.

Figure 4.23: Phases content in the EDAMM processed O2/Ar samples.
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(a)

(b)

(c)

(d)

Figure 4. 24 Hexagonal BaTiO3 grain growth model in EDAMM processed powders. (a)

Starting powders in EDAMM environment with (b) an inset of fast, short-distance
diffusion in activated powders, (c) nucleation od cubic BaTiO3 grains and start of the

cubic-hexagonal phase transformation and (d) final microstructure of hexagonal
BaTiO3 grains with retained cubic grains.

Change in the microstructure during the EDAMM processing observed in the O2/Ar

samples (Fig. 4.22) are significantly different in comparison to the TaC_Ar samples.

The initial stages of the processing included BaO-TiO2 starting powders being affected
by the plasma where apart from electrons and Ar ions an additional factor played O2
molecules. The latter, being di-atomic molecules, have higher energy than Ar ions and
increased the temperature of the processing, resulting in simultaneous low

temperature stable cubic BaTiO3 , but also high temperature stable hexagonal
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polymorph. This fact is also elucidated on the Figure 4.23, where the data was
obtained from the X-ray diffraction analysis of the peaks corresponding to the starting
material and cubic, hexagonal and monoclinic phases. After 1 and 2 min of processing

the amount of cubic BaTiO3 is making up even 20% of the materials phase content but
later in the process it decreases and the hexagonal phase’s content dramatically

increases. This is also illustrated on the Figure 4. 23. The final microstructure consists
of hexagonal platelet-like BaTiO3 grains, Ba2 Ti6 O13 secondary and retained cubic
BaTiO3 grains.

4.6 Conclusions

In the above chapter BaO-TiO2 starting powders were processed in EDAMM in two

optimized conditions; (i) by applying the TaC on the stainless steel electrode and (ii)
by processing in 10%O2/Ar instead of pure Ar gas.

Phase transformations induced by EDAMM were studied in detail. The cubic-

hexagonal phase transformation in synthesized BaTiO3 was used to help further

interpret what occurs during EDAMM processing. It was found that use of the TaC

coating applied on the electrode reduces the overall temperature of the processing, as
evaluated on the basis of the microstructural and crystallographic analysis of

products. Only the low temperature BaTiO3 polymorph was formed from BaO and
TiO2 starting powders within 4 min and a nucleation and grain growth model of

formation of cubic BaTiO3 polymorph was derived. In the first stages of the processing
powder particles are crushed and mixed within the EDAMM chamber and plasma

species such as Ar+ ions, electrons, free radicals and excited species activate the

freshly formed surfaces. Fast, short-distance diffusion of the atoms and oxides takes
place at the particle interfaces and migration of species occurs. This results in

nanocrystalline precursors of cubic BaTiO3 in a form of orthorhombic nanoparticles.
In further stages of the processing orthorhombic→cubic BaTiO3 transformation,

nucleation and grain growth takes place. The final microstructure contains almost
entirely cubic type of BaTiO3, which implies that the processing temperature with TaC
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coating in Ar atmosphere did not exceed the temperature characteristic for formation
of hexagonal BaTiO3 which, based on the phase diagram is ~1430°C (Figure 3.7).

From BaTiO3 experiments performed in an O2/Ar atmosphere it was concluded that
the addition of O2 to Ar gas increases the temperature of the processing in EDAMM.

This could be inferred from the final microstructures and phases present in the
representative particles processed under these conditions, where a majority phase
present was the high temperature hexagonal BaTiO3 polymorph. The final

microstructure is attributable to the high energy O2 based species present in plasma

environment that enable heating of the powder particles to much higher

temperatures, inducing an instant transformation from cubic BaTiO3 to hexagonal
BaTiO3.
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CHAPTER 5
Orientation relationship analysis of the phases in
𝐁𝐁𝐁 − 𝐓𝐓𝐓𝟐 system
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The objective of the following chapter is a crystallographic analysis of the phases in

synthetized BaTiO3 powder particles and a determination of the relationships
between the phases present. Two complimentary methods were used to determine

the orientation relationships (ORs) between the phases present so that phase
formation and evolution during EDAMM could be assessed, and the data presented in

Chapter 5 complemented. These methods were as follows: (i) determining the local
orientation relationships between adjacent phases using the classical method of

transmission electron microscopy (TEM) with selected area electron diffraction

(SAD), and (ii) a statistical analysis of orientation relationships over a large area using

electron back-scattering diffraction (EBSD) combined with a new, advanced
computational method. The latter is a major advancement in the field of EBSD analysis
that has never been presented before; it makes it possible to analyse the interphase
grain boundaries globally and then extrapolate the data to enable the formation and
transformation mechanisms in the studied materials to be determined.

As shown previously, X-ray diffraction shows the development of cubic or hexagonal
BaTiO3 as the predominant phase in EDAMM processed TaC_Ar or O2/Ar samples. In

both processing regimes the secondary phase was monoclinic Ba2 Ti6 O13 , so the
following paragraphs are any analysis of the orientation relationship of three classes
of interphase boundaries, namely; cubic-hexagonal, cubic-monoclinic, and hexagonalmonoclinic.

5.1 Phase transformations and expected orientation
relationships in 𝐁𝐁𝐁 − 𝐓𝐓𝐓𝟐 system

Solid state transformations have been studied widely since the 20th century so their
definitions are based on experimental data and thermodynamic considerations, but

regardless of how simple the process of phase transformation may seem, it involves a

mechanism that is typical for a certain group of materials but not always easily
categorised. Almost 200 different solid-state mechanisms are known to modern
science so far with similar or common characteristics[101]. The sole fact that there
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are such a great number of them imply specific classification criteria so we must be

mindful that those mechanisms may depend on the method, the observation tools, and
many other factors.

BaTiO3 is most commonly obtained from BaCO3 or BaO and TiO2 starting powders,

which is why formation mechanisms have been widely reviewed and presented in

literature, especially for solid-state reactions [66, 102, 103]. As-received BaTiO3,
undergoes crystal structure transformations in a temperature range from -90 to

~1480°C; orthorhombic → tetragonal → cubic → hexagonal (Fig. 5.1). These

transformations are then classified as martensitic because of their slight

rearrangement of the atoms in the structure having a displacive, diffussionless and
temperature-dependent character. They are of the particular interest for a deeper
understanding of the EDAMM method presented in this thesis because they display a
temperature dependent transformation accompanied by typical microstructural

features; however, they are also important for industrial applications where various
crystal structures display different dielectric properties[104]. The following section

therefore concentrates on the relationships of the phases obtained in a
crystallographic sense in order to derive more precise mechanisms of transformation
in EDAMM conditions.

Orientation relationship analyses are traditionally undertaken using selected-area

electron diffraction at an interphase boundary in a transmission electron microscope.

In case of BaTiO3, the orientation relationship between tetragonal (t, also referred to

as pseudo-cubic) and hexagonal (h) BaTiO3 was first predicted in Ref. [105] on the

basis of theoretical crystallographic considerations; the coalescence of octahedral
faces in cubic crystals {111}t on hexagonal basal face -(0001)h . Following this, Wu et
al. [106] used transmission electron microscopy and selected-area diffraction to

further determine multiple orientation relationships and then showed them on

superimposed (111)t and (0001)h pole figures. Furthermore, Zheng at al. [107]

determined the orientation relationship between the tetragonal BaTiO3 and

equilibrium monoclinic (m) Ba6 Ti17 O40 phases as (11� 1� )t || (001)m and (11� 2)t ||
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(602� )m and [110]t || [01� 0]m . This was subsequently re-confirmed by Burbure et al.
[108] as (111)t || (001)m and [1� 01]t || [010]m . In the former study, the samples were
prepared by sintering in air at 1200°C and 1300°C for extended periods of time; this

resulted in exaggerated grain growth (~200 µm) of the tetragonal BaTiO3 grains and

thin, plate-shaped Ba6 Ti17 O40 grains located at tetragonal BaTiO3 triple junctions.
Since the sintering temperatures were below the eutectic point, the secondary

monoclinic Ba6 Ti17 O40 phase was said to have formed as a result of solid rather than

liquid -state sintering. Interestingly, there is no data available in open literature on the

orientation relationship between the cubic BaTiO3 and monoclinic Ba2 Ti6 O13 phases.
The latter intermediate phase is fairly uncommon and is only believed to form in

highly reducing atmospheres and relatively high temperatures (Fig. 5.1)[47]. It should

be noted that the monoclinic Ba2 Ti6 O13 phase contains both Ti3+ and Ti4+ ions, which
is typical of reducing atmospheres, and it was formed during EDAMM in Ar or 10%
O2 /Ar atmospheres.

Figure 5.1: BaO-TiO2-Ti2O3 ternary phase diagram under reducing conditions at
temperatures over 1300°C [47].
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5.2 Results
5.2.1 Orientation relationships via selected area electron diffraction
Cubic-hexagonal interphase boundaries
The orientation relationship analysis involving cubic and hexagonal grains was
carried out on lamella prepared from powder particles from the TaC_Ar group of

BaTiO3 samples. The area of the lamella lift-out was decided upon the initial EBSD

mapping where the distinction between chemically equivalent phases was made

based on crystallographic information obtained from previous XRD analysis (section

4.1). For more information on the sample preparation conditions and classification
see Table 4.1.

The interphase boundary between cubic and hexagonal grains is shown on the bright

field image in Figure 5.2a. The size of the hexagonal grain is significantly smaller than
the cubic one which is a typical microstructural feature observed in TaC_Ar samples.

Selected area diffraction performed on the cubic BaTiO3 grain was done along the
[111]c zone axis and paralellism of hexagonal [0001]h direction was found (Fig. 5.2b)

and c. The selected-area images are deliberately shown as separate as some of the

diffraction spots of the cubic and hexagonal phases are directly superimpose on each

other, thereby making it impossible to differentiate between the two phases in a
single image. The weaker spots in Fig. 5.2c are attributed to double reflections.

Indexing the diffraction patterns in Fig. 5.2b and c reveals that the cubic-hexagonal

phases have the following orientation relationship: (111)c || (0001)h and [11� 0]c ||

[112� 0]h ; this is further confirmed by the diffraction simulations shown in Figure 5.2d

and e. There is little evidence in the literature on the orientation relationships

between cubic and hexagonal BaTiO3 , however, current result agrees with a report in

the literature for this type of parallelism between pseudo cubic barium titanate [106].
The parallelism in planes and directions also conforms to the well-known ShojiNishiyama (S-N) orientation relationship previously characterised for fcc austenite
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(a)

(b)

(c)

(d)
(e)
Figure 5.2: (a) Bright-field image of the cubic-hexagonal interphase boundary,
selected-area electron diffraction of the (b) cubic grain along the [111]c zone axis,
and (c) hexagonal grain along the [0001]h zone axis, and (d,e) equivalent
diffraction simulations.
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and hcp ε-martensite phases of high Mn transformation-induced plasticity steels [109]

and the fcc TiAl γ-matrix and hcp Ti_3 Al α_2-precipitates in γ-based Ti-Al alloys [110112] .

Cubic-monoclinic interphase boundaries
The orientation relationship analysis involving cubic and monoclinic grains was
carried out on lamella prepared from powder particles from the TaC_Ar group of

BaTiO3 samples, while the lift-out area was determined by previous EBSD mapping.
For more information on the sample preparation conditions and classification see
Table 4.1.

There is no evidence in the literature of this OR being found for the cubic BaTiO3 and

monoclinic Ba2 Ti6 O13 phases, however, an orientation relationship between the bcc

(t) martensite matrix and the Ni-containing monoclinic precipitates in an 21 wt.%
cobalt iron alloy was observed before on following zone axis: [120]α || [001]𝑚 [109].

Distinct grain boundary interphase between the cubic and monoclinic (Ba2 Ti6 O13 )

phases can be observed in the bright-field image in Figure 5.3a, which is notable due
to the chemical compositions between phases. Selected area diffraction on the cubic

BaTiO3 grain was carried out along the [001]𝑐 zone axis and a parallelism in the

monoclinic [01� 0]𝑚 direction was found (Fig. 5.3b). In order to re-confirm the

orientation relationship in cubic-monoclinic interphase boundary, the beam was tilted
to reach the [002]c zone axis which caused distortion (elipticity) in the diffraction

pattern; this distortion was corrected using the “Ellipse Fitting Analysis” script from
the website [31]. Diffraction patterns were then taken at (002)𝑐 || (02� 0)𝑚 . Finally,

indexing the diffraction pattern based on the available crystallographic data and
diffraction simulation (Fig. 5.3c) reveals that the cubic-monoclinic phases shares the
following orientation relationship: (002)𝑐 || (02� 0)𝑚 and [120]𝑐 || [001]𝑚 .
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(a)

(b)
(c)
Figure 5.3: (a) Bright-field image of the cubic-monoclinic interphase boundary, (b)

selected-area electron diffraction of the cubic grain along the[001]𝑐 zone axis and the

monoclinic grain along the [01� 0]𝑚 zone axis, and (c) the equivalent diffraction
simulation.

Hexagonal-monoclinic interphase boundaries
An orientation relationship analysis involving cubic and monoclinic grains was carried
out on lamella prepared from powder particles from the Ar group of BaTiO3 samples.

Similarly to the previous electron diffraction analysis, the lift-out area was determined
by previous EBSD mapping. With this particular interphase boundary, finding the

orientation relationship proved much more difficult than the other two examples

because of the lack of symmetry of monoclinic crystal structure and low symmetry of
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hexagonal crystals. For more information on the sample preparation conditions and
classification see Table 4.1

(a)

(b)
(c)
Figure 5.4: (a) Bright-field image of the hexagonal-monoclinic interphase boundary,
and (b) selected-area electron diffraction of the hexagonal grain along the [2� 201]ℎ

zone axis and monoclinic grain along the [010]𝑚 zone axis axis, and (c) the equivalent
diffraction simulation.

Cubic and hexagonal BaTiO3 , having the same chemical composition, do not display a

distinct interphase grain boundary, as seen in the bright field image in Fig. 5.4a.
Selected area electron diffraction of the interphase boundary, where hexagonal grain
was tilted to the [2� 201]ℎ zone axis revealed that the [010]𝑚 zone axis of the
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monoclinic grain display parallelism and the diffraction spots of both directions can

be indexed, as shown in Fig. 5.4b. Indexing of the diffraction pattern and confirmation

by the diffraction simulation (Fig. 5.4c) shows that the hexagonal-monoclinic phases

shared a new and previously unknown orientation relationship between them with:
(101� 2)ℎ || (2� 02)𝑚 and [2� 201]ℎ || [010]𝑚 .

The result obtained in the above sections, especially the cubic- monoclinic and
hexagonal-monoclinic interphase boundary orientation relationships present a
significant advancement in the knowledge of Ba2 Ti6 O13 phase correlation with the

well-known cubic and hexagonal BaTiO3 phases. As presented in the Fig. 4.9, where

the indexing of the secondary, monoclinic Ba2 Ti6 O13 was shown, and based on the

literature information, the phase is exclusively found in the high pressure and
temperature systems. Here, its presence and orientation relationship with the cubic

and hexagonal BaTiO3 phases was undoubtedly confirmed. The implications from the

results for the EDAMM processing technique are substantial because the results prove
that the method can form unusual and possibly metastable phases. The sole presence

of this phase indicates that extreme stresses may be implied on the processed

particles which, with a high temperature, results in the nucleation and growth of the
phases which cannot be formed in equilibrium conditions.
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5.2.2 Orientation relationships via electron back-scattering
diffraction
Electron back-scattering diffraction principles
Within an EBSD map, each pixel contains phase and orientation information based on

a user-specified macroscopic co-ordinate system, and this orientation relationship

across an interphase boundary segment can be described using the angle-axis

representation. As per Euler’s theorem, and given a fixed macroscopic reference
frame, grain orientation can be defined by a set of three angles(ϕ1 , Φ, ϕ2 ). It follows

that misorientation is the angular difference in crystallographic orientation between
any two grains within a polycrystalline aggregate. Alternatively, misorientation
between any two grains of the same phase/crystal system can also be defined as the

rotation angle (θ) around a common rotation axis [uvw] needed to bring the crystal
co-ordinate systems into coincidence.

In keeping with the above definition and in the case of interphase boundary segments,
the misorientation angle between any two phases can be calculated and the rotation
axes defined in terms of the individual phases/crystal systems. Therefore, although

two rotation axes are used to define an interphase boundary segment, the unit cells of
both phases/crystal systems share a common, pre-defined macroscopic co-ordinate

system. It follows that an orientation relationship across an interphase boundary
segment is defined by a certain misorientation angle and a set of two unique rotation

axes. When two phases share an orientation relationship, a histogram plot of their
misorientation angles contains a peak at a particular value. Within a reasonable

deviation from the particular misorientation angle value comprising the peak in the
histogram plot, a unique rotation axes of the two phases/crystal systems also recurs.
Therefore the interphase boundaries can be statistically quantified in the above
manner.
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Since selected-area electron diffraction provides the orientation relationship between

the adjacent phases, it can be used in conjunction with the relationship between the
abovementioned rotation axes to determine the misorientation angle distribution of

the ideal orientation relationship in the whole analysed EBSD large area map. This

orientation relationship deviation is expected to occur in materials processed under
non-equilibrium conditions due to external stresses during the processing. Such

behavior was previously observed in Kurdjumov-Sachs (K-S) orientation relationship

type in ferrite-austenite interphase boundaries where 0-5° misorientation angle
deviation was reported for unstressed samples, and even 5-10° with applied external
stresses [113]. It was concluded that the orientation relationship between ferrite and

austenite is weakened by the applied external stress and therefore it can serve as an
indicator of the processing conditions. Consequently, EDAMM processed BaO and TiO2

and the transformation of resultant phases where such deviations in the orientation

relationship may occur is paramount in deepening our understanding of this
processing.

Electron back-scattering diffraction post-processing technique
A specialised code was developed within Matlab using the MTex toolbox (Azdiar A.

Gazder, UOW) to return the misorientation angle distribution and rotation axes in the

reference frames of the two phases/crystal systems across interphase boundary
segments for a given EBSD map. It should be noted that the method presented in this

chapter is new in its entity and has not been reported before for the orientation

relationships analysis of two crystallographically different phases. The only
resemblance of the method presented is the one used for the analysis of twins, where
the orientation between the same types of crystal structures is known[114]. In this

case however, information about the crystal symmetry, angle–axis pairs, and
quantification based only on the same crystal type is used. Such an approach was used
in the twin boundaries in steels [115] and magnesium alloys [116-118] a unified

approach for multi-phase analysis in the form presented in this chapter has not been
presented in the literature yet.
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Since the orientation relationship between two phases/crystal systems (determined
previously by the transmission electron diffraction) is defined by a set of parallel
planes and directions, the pole figures are representations of these planes and the

directions can therefore be computed. As a result, the pole figure of the specific crystal

type with a given orientation can be superimposed on the pole figure of the adjacent

crystal and evaluated in terms of the overlap. The overlapping diffraction spots
displayed on as-generated pole figures assign the interphase boundary as non-OR
boundary or an OR boundary with the deviation from an ideal relationship as a
misorientation plot.

Consequently, all grain boundaries are assigned as either non-OR boundaries, such as

low angle intraphase boundaries (LABs) or high angle interphase boundaries (HABs),

amongst which the differentiation between OR compliant and non-compliant
boundaries is made. Such an approach carried out for the whole EBSD map allows for

a statistical analysis of all the boundaries and therefore aids in understanding the

mechanism of transformation of all the material studied. In the following section,
EBSD maps of TaC_Ar and O2/Ar samples are analysed with the aid of the previously
obtained orientation relationships between the three phases, namely; cubic-

hexagonal, cubic-monoclinic, and hexagonal-monoclinic (Fig. 5.5). A detailed

quantification of the phase fractions is shown in Table 5.1 where zero solutions are
the blank pixels which did not conform to any of the phases.

Table 5.1: Phase fractions in the TaC_Ar atmosphere and a mixture of O2/Ar samples.

Sample type

Zero solutions

TaC_Ar

0.2

O2/Ar

1.1

Phase fractions

Monoclinic

Cubic

Hexagonal

7.8

91.5

0.5

7.3

2.4

89.2
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(a)

(b)

Figure 5.5: Representative phase maps of the EDAMM processed (a) TaC_Ar samples

and (b) O2/Ar samples. Legend: red = monoclinic Ba2 Ti6 O13 , green = hexagonal
BaTiO3 , blue = cubic BaTiO3 , white = zero solutions, black = high-angle grain
boundaries (HABs) and yellow = low-angle grain boundaries (LABs).
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EBSD mapping together with the specialised computational method was then used to
obtain intraphase and interphase boundaries fractions. The results of the
quantification are listed in the Table 5.2 and Table 5.3.

Cubic-monoclinic interphase boundaries in TaC_Ar sample comprise over 58% of all

grain boundaries visible on the map, with very low unindexed fraction (zero
solutions) (Table 5.2). Because e such a large number of interphases available it is a
good candidate for statistical analysis and will be used later on for the computational
method analysis for cubic-monoclinic interphase.

Table 5.2: Intraphase and interphase boundary population (in percent) for the TaC_Ar
sample.

Zero solutions

Monoclinic

Cubic

Hexagonal

8.3

58.2

2.6

(intraphase)
Monoclinic
Cubic
Hexagonal

0.6
6.9
0.1

17.8

5.4
0.1

Table 5.3: Intraphase and interphase boundary population (in percent) for the O2/Ar

samples.

Zero solutions

Monoclinic

Cubic

Hexagonal

0.9

1.8

20.6

(intraphase)
Monoclinic
Cubic
Hexagonal

5.2
1.6
23

2.2

20

24.7

On the other hand, the microstructure and EBSD intraphase and interphase
quantification in the O2/Ar samples map shows much higher amounts of the cubic-

hexagonal and hexagonal-monoclinic interphases, comprising 20 and 24.7% of the

whole grain boundary population, respectively (Table 5.3). In this case the map
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provides a sufficient amount of the interphase data for a statistical analysis of the
above mentioned interphases.

In this regard, representative examples of orientation relationship analyses are
presented on the EBSD maps with the biggest percentage of interphase boundaries
pair, such that:
I.

II.

III.

cubic-hexagonal interphase- O2/Ar sample map,

cubic-monoclinic interphase- TaC_Ar sample map,

hexagonal-monoclinic interphase- O2/Ar sample map.

These quantifications classify the boundaries based solely on the crystal structure
type, but it does not consider the orientation relationship between the phases. In the

results presented below, such a distinction is made using the advanced computational
method. It should be noted that in this case, the intraphase boundary population (i.e. –
the boundaries between monoclinic-monoclinic, cubic-cubic and hexagonal-hexagonal
grains) are excluded from the orientation analysis calculations.
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Cubic-hexagonal interphase boundaries
The following section presents an analysis of cubic-hexagonal interphase boundaries
based on an EBSD map of the O2/Ar samples of BaTiO3 (Fig. 5.6a). The intraphase

LABs are marked by yellow lines whereas the colour of the interphase HABs display
depends on the misorientation angle based on the cubic-hexagonal orientation

relationship found previously in section 5.2.1. Considering the symmetry of the cubic-

hexagonal crystals pair the maximum misorientation angle falls at 56.60°[119] and

here it is re-confirmed with a higher precision as 56.6003° (red line in the Fig. 5.6b). If

a random distribution of grains is assumed, the misorientation distribution of
uncorrelated cubic-hexagonal interphase boundaries is called a McKenzie distribution
and there is a cubic-hexagonal interphase, the peak falls at 45° [120]. The cubic-

hexagonal misorientation distribution plotted from the data obtained from the map in

Fig. 5.6a (using 1° class intervals) does not follow the random misorientation
distribution, it shows a peak at 56.6003° (the forbidden zone limit); which in turn,

conforms to the theoretical misorientation angle between the cubic and hexagonal
phases for the Shoji-Nishiyama (S-N) orientation relationship [109].

It was found that within the HABs, over 78.97% of the cubic-hexagonal interphase

boundary population is within a ±2.5° deviation of the theoretical misorientation

angle for the S-N orientation relationship (Fig. 5.7, boundaries in purple). The inset
shows that individual cubic and hexagonal grains tend to share entire interphase

boundary segments with each other. When the misorientation of rotation axis
distributions in the cubic and hexagonal crystal co-ordinate systems are plotted (Figs.
5.7b and 5.7c), a single peak is returned for both plots that is centred around the

theoretical rotation axes and conforms to the S-N orientation relationship defined as

��������� 2.2047
��������� 0.7007] or ~[2� 3� 1] for the cubic crystal system, and [𝑈𝑈𝑈𝑈]
[𝑢𝑢𝑢]𝑐 = [1.6918
��������� ���������
��������� ���������
= [3.3787
2.1239 5.5026 3.4145] or ~[2� 1� 3 2] or [𝑢𝑢𝑢]ℎ = �8.8813
7.6265 3.4145� or

~[3� 2� 1] for the hexagonal crystal system.

101

(a)

(b)

Figure 5.6: (a) Cubic-hexagonal interphase boundary misorientation map of EDAMM

processed BaTiO3 O2/Ar sample, and (b) histogram of interphase misorientation
distribution using 1° class intervals. Legend: (a) light grey = monoclinic Ba2 Ti6 O13 ,

medium grey = hexagonal BaTiO3 , dark grey = cubic BaTiO3 , white = zero solutions,

black = high-angle grain boundaries (HABs) and ivory = low-angle grain boundaries
(LABs).
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(a)

(b)

(c)

Figure 5.7: (a) The cubic-hexagonal interphase boundary population within a ±2.5°

deviation of the theoretical misorientation angle for the S-N orientation
relationship (in purple). Rotation axis distributions in the (b) cubic and (c)
hexagonal crystal co-ordinate systems.
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(a)

(b)

(c)

(d)

(e)

Figure 5.8: (a) An interphase boundary segment chosen at random between cubic and

hexagonal crystal systems. Pole figure (b, c) planes and (d, e) directions for the (b, d)
cubic and (c, e) hexagonal crystal systems for the S-N orientation relationship
described as: (111)𝑐 || (0001)ℎ and [11� 0]𝑐 || [112� 0]ℎ .
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To re-confirm the orientation relationship between the cubic-hexagonal crystal
systems as per the TEM based notation scheme shown in Figure 5.2b-e, an interphase
boundary segment was chosen at random (Fig. 5.8). Since the S-N orientation

relationship is described as: (111)𝑐 || (0001)ℎ and [11� 0]𝑐 || [112� 0]ℎ , the pole figures
of the respective planes and directions for the cubic and hexagonal crystal systems are

plotted (Figure 5.8b-e). The overlap between the diffraction spots is highlighted with
red squares for both sets of planes and directions, and they confirm the S-N

orientation relationship between the cubic and hexagonal grains of BaTiO3 . In

summary, the S-N orientation relationship between cubic and hexagonal crystal
systems can described as: (111)𝑐 || (0001)ℎ and [11� 0]𝑐 || [112� 0]ℎ with a theoretical

misorientation

angle

of

56.6003°

and

rotation

axes

of

[𝑢𝑢𝑢]𝑐

=

��������� ���������
[1.6918
2.2047 0.7007] or ~[2� 3� 1] for the cubic crystal system and [𝑈𝑈𝑈𝑈] =

��������� 3.4145� or
��������� 2.1239
��������� 5.5026 3.4145] or ~[2� 1� 3 2] or [𝑢𝑢𝑢]ℎ = �8.8813
��������� 7.6265
[3.3787
~[3� 2� 1] for the hexagonal crystal system.

Cubic-monoclinic interphase boundaries
The following section presents an analysis of cubic-hexagonal interphase boundaries
based on an EBSD map of the TaC_Ar samples of BaTiO3 (Fig. 5.9a). The intraphase

LABs are marked by yellow lines whereas the colour of the interphase HABs depends
on the misorientation angle based on the cubic-hexagonal orientation relationship
found previously in section 5.2.1. A histogram of the cubic-hexagonal interphase

boundaries misorientation distribution using 1° class intervals and the uncorrelated
cubic-monoclinic interphase boundaries McKenzie distribution are shown in Figure
5.9b. The maximum theoretical misorientation angle for the cubic-monoclinic crystal

pair was 62.7994° at the forbidden zone limit (in red), with a peak 45°. Once again, the
interphase boundary distribution does not follow the McKenzie distribution with a

peak at 34.6651°; which in turn, conforms to the theoretical misorientation angle

between cubic and hexagonal phases for the (002)𝑐 || (02� 0)𝑚 and [120]𝑐 || [001]𝑚
orientation relationship (Figure 5.3b and c).
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(a)

(b)

Figure 5.9: (a) Cubic-monoclinic interphase boundary misorientation map of EDAMM

processed BaTiO3 TaC_Ar sample and (b) histogram of interphase misorientation
distribution using 1° class intervals. Legend: (a) light grey = monoclinic Ba2 Ti6 O13 ,

medium grey = hexagonal BaTiO3 , dark grey = cubic BaTiO3 , white = zero solutions,
black = high-angle grain boundaries (HABs) and ivory = low-angle grain boundaries

(LABs).

106

In this regard, 69.9% of the cubic-monoclinic interphase boundary population is
within a ±2.5° deviation of the theoretical misorientation angle for the above

orientation relationship (Figure 5.10a, boundaries in purple). As shown in the inset, it
can be clearly seen that individual cubic and monoclinic grains tend to share entire

interphase boundary segments with each other. When the misorientation (rotation)
axis distributions in the cubic and monoclinic crystal co-ordinate systems are plotted
(Fig. 5.10b and c), there is a single peak for both plots that is centred around the
theoretical rotation axes and conforms to the (002)𝑐 || (02� 0)𝑚 and [120]𝑐 || [001]𝑚

orientation relationship defined as [𝑢𝑢𝑢]𝑐 = [0 2.866 0] or ~[0 1 0] for the cubic
crystal system and [𝑢𝑢𝑢]𝑚 = [0 3.953 0] or ~[0 4 0] for the monoclinic crystal system.

In order to re-confirm the orientation relationship between the cubic-monoclinic

crystal systems as per the TEM based notation scheme shown in Figure 5.3b and c, an

interphase boundary segment was chosen at random (Fig. 5.11a). Since the

orientation relationship is described as: (002)𝑐 || (02� 0)𝑚 and [120]𝑐 || [001]𝑚 the
pole figures of the respective planes and directions for the cubic and monoclinic
crystal systems are plotted in Fig. 5.11b and c. Overlaps highlighted by red squares for

both planes and directions serve as confirmation the existence of the above
orientation relationship between the cubic and monoclinic crystal systems.

In summary, the orientation relationship between cubic and monoclinic crystal
systems can be described as: (002)c || (02� 0)m and [120]c || [001]m with a theoretical

misorientation angle of 34.6651° and rotation axes of [uvw]c = [0 2.866 0] or ~[0 1 0]

for the cubic crystal system and [uvw]m = [0 3.953 0] or ~[0 4 0] for the monoclinic
crystal system.
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(a)

(b)

(c)

Figure 5.10: (a) The cubic-monoclinic interphase boundary population within a ±2.5°

deviation of the theoretical misorientation angle for the (002)𝑐 || (02� 0)𝑚 and [120]𝑐 ||
[001]𝑚 orientation relationship (in purple). Rotation axis distributions in the (b) cubic
and (c) monoclinic crystal co-ordinate systems.
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(a)

(b)

(c)

(d)

(e)

Figure 5.11: (a) An interphase boundary segment chosen at random between cubic

and monoclinic crystal systems. Pole figure (b, c) planes and (d, e) directions for the

(b, d) cubic and (c, e) monoclinic crystal systems for the orientation relationship
described as: (002)𝑐 || (02� 0)𝑚 and [120]𝑐 || [001]𝑚 .
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Hexagonal-monoclinic interphase boundaries
The following section cubic-hexagonal interphase boundaries analysis based on the
EBSD map of the O2/Ar samples of BaTiO3 is presented (Fig. 5.12a). The intraphase

LABs are marked by yellow lines whereas the colour of the interphase HABs display
depends

on the misorientation angle based on the cubic-hexagonal orientation

relationship found previously in section 5.2.1. This last type of interphase boundary
proved to be the most difficult to analyse because of the lack of symmetry of the

monoclinic crystal structure and a large amount of possibilities to form the

orientation relationships with hexagonal crystal. Once the troublesome orientation
relationship was found through multiple FIB lamellae TEM analysis, the results were
included in the computational method of EBSD data analysis.

Typical microstructure of O2/Ar samples of BaTiO3 together with high and low angle

grain boundaries (LABs and HABs) are shown in Figure 5.12. It should be noted that

the angle within which the high angle boundaries are considered in this case is near
90°, whereas for the cubic-hexagonal and cubic-monoclinic interphases its maximum

was found to be at 56.6003° and 62.7994°, respectively. This breadth of angular
distribution may give much more possibilities of an orientation relationship between
the two phases, but it also makes them more difficult to find. Figure 5.12b shows that
the McKenzie random distribution of uncorrelated hexagonal-monoclinic interphase
boundaries has a maximum theoretical misorientation angle of 93.8410° at the

forbidden zone limit (in red). Once more, the interphase boundary distribution does

not follow the McKenzie distribution with a peak at 84.5379°; which in turn, conforms

to the theoretical misorientation angle between hexagonal and monoclinic phases for
the (101� 2)h || (2� 02)m and [2� 201]h || [010]m orientation relationship (Fig. 5.4b and c).

In this case only 29.4% of the hexagonal-monoclinic interphase boundary population

is within a ±2.5° deviation of the theoretical misorientation angle for the above

orientation relationship (Figure 5.13, boundaries in purple). The inset shows that

individual hexagonal and monoclinic grains tend to share entire interphase boundary
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segments with each other. When the misorientation (rotation) axis distributions in the
hexagonal and monoclinic crystal co-ordinate systems are plotted (Fig. 5.13b and c),

there is a single peak for both plots that are centred around the theoretical rotation
axes and conform to the

(101� 2)h || (2� 02)m and [2� 201]h || [010]m orientation

relationship, and are defined as [UVTW] = �1.995 3.4316 ���������
5.4267 3.9531� or ~[1 2 3� 2]

or [uvw]h = [7.4217 8.8583 3.9531] or ~[2 2 1] for the hexagonal crystal system, and
[uvw]m = [5.2296 3.5321 2.0999] or ~[5 4 2] for the monoclinic crystal system.

In order to re-confirm orientation relationship between the hexagonal-monoclinic

crystal systems as per the TEM based notation scheme shown in Figure 5.4b and c, an

interphase boundary segment was chosen at random (Figure 5.14a). Since the
orientation relationship is described as: (101� 2)h || (2� 02)m and [2� 201]h || [010]m the

pole figures for the respective planes and directions of the hexagonal and monoclinic

crystal systems are plotted in Fig. 5.14d-e. Overlaps in both planes and directions,
highlighted by red squares, serve as re-confirmation of the existence of the above
orientation relationship between the hexagonal and monoclinic crystal systems.

In summary, the orientation relationship between hexagonal and monoclinic crystal
systems can described as: (101� 2)h || (2� 02)m and [2� 201]h || [010]m with a theoretical
misorientation

angle

of

84.5379°

and

rotation

axes

of

[UVTW]

=

��������� 3.9531� or ~[1 2 3� 2] or [uvw]h = [7.4217 8.8583 3.9531] or
�1.995 3.4316 5.4267
~[2 2 1] for the hexagonal crystal system and [uvw]m = [5.2296 3.5321 2.0999] or
~[5 4 2] for the monoclinic crystal system.
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(a)

(b)

Figure 5.12: (a) Hexagonal-monoclinic interphase boundary misorientation map of
EDAMM

processed BaTiO3 O2/Ar

sample

and

(b)

histogram

of

interphase

misorientation distribution using 1° class intervals. Legend: (a) light grey =
monoclinic Ba2 Ti6 O13 , medium grey = hexagonal BaTiO3 , dark grey = cubic BaTiO3 ,

white = zero solutions, black = high-angle grain boundaries (HABs) and ivory = lowangle grain boundaries (LABs).
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(a)

(b)

(c)

Figure 5.13: (a) The hexagonal-monoclinic interphase boundary population within a
±2.5° deviation of the theoretical misorientation angle for the (101� 2)h || (2� 02)m and
[2� 201]h || [010]m orientation relationship (in purple). Rotation axis distributions in
the (b) hexagonal and (c) monoclinic crystal co-ordinate systems.
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(a)

(b)

(c)

(d)

(e)

Figure 5.14: (a) An interphase boundary segment chosen at random between

hexagonal and monoclinic crystal systems. Pole figure (b, c) planes and (d, e)
directions for the (b, d) hexagonal and (c, e) monoclinic crystal systems for the
orientation relationship described as: (101� 2)h || (2� 02)m and [2� 201]h || [010]m .
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5.3 Discussion
This chapter deals with a crystallographic analysis of the orientation relationships
between phases obtained in EDAMM processed BaO-TiO2 powders to form BaTiO3 .

The samples used in the analysis were TaC_Ar, most of which was of the cubic BaTiO3

phase and O2/Ar samples that were mostly of the hexagonal BaTiO3 phase. In both

cases there was a secondary monoclinic Ba2 Ti6 O13 phase and the relationship

between the three phases was analysed using a new computational technique to
correlate the data obtained from TEM and EBSD techniques.

Statistical analysis of data obtained through analysis of the computational
approach of EBSD mapping with regard to the orientation relationship
boundaries distribution
In the first section of this chapter it was proven that in both TaC_Ar and O2/Ar
samples all the phases had displayed an orientation relationship between each other

(summary in Table 5.4). The presence of an orientation relationship means that the
two adjacent grains share a common crystallographic plane which enabled them to

grow from one another at some point during processing. This phenomenon, well-

known as the parent-daughter relationship, showed the best fit between the two

adjacent grains and is vital when talking about phase transformations. Theoretical
analysis of chosen crystal types and their possible orientation relationships (i.e.
variants) typically gives a large amount of possibilities (ex. 24 variants in KurdjumowSachs [121]) but only few of them are typically dominant and serve as an indication of

the transformation mechanism. When the orientation relationship of a large number
of grains is analysed, the information can then be correlated with the direction of
growth.
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Formation of the phases during BaO-TiO2 EDAMM processing seems to consist of two

different phenomena: a solid-state martensitic transformation of cubic⟷hexagonal
BaTiO3 and the grain growth of these phases at the expense of monoclinic Ba2 Ti6 O13 .

Table 5.4: Summary of misorientation angles and orientation relationships for the
cubic-hexagonal, cubic-monoclinic and hexagonal-monoclinic phases in EDAMM
processed BaO-TiO2 powders.
𝐁𝐁𝐁𝐁𝐎𝟑 interphase
boundary type
Cubic BaTiO3 -

hexagonal BaTiO3
Cubic BaTiO3 -

monoclinic Ba2 Ti6 O13
Hexagonal BaTiO3 -

monoclinic Ba2 Ti6 O13

Misorientation

Orientation relationship

angle

Planes

Directions

56.6003

(111)c || (0001)h

[11� 0]c || [112� 0]h

34.6651
84.5379

(002)c || (02� 0)m

(101� 2)h || (2� 02)m

[120]c || [001]m

[2� 201]h || [010]m

5.3.1 Cubic-monoclinic interphase boundaries
Formation of the phases during BaO-TiO2 EDAMM processing seems to consist of two

different phenomena: solid-state martensitic transformation of cubic⟷hexagonal
BaTiO3 and grain growth of these phases at the expense of monoclinic Ba2 Ti6 O13 . A

clear evidence of it is the formation mechanism patterns developed in Chapter 4,
based on the microscopic observations and XRD analysis (Fig. 4.20, Fig. 4.21). It has

been shown that in case of TaC_Ar sample, 2 min of the processing resulted in
formation of the orthorhombic type of BaTiO3 which within the next minute

transforms into the cubic BaTiO3. From the micrographs of typical microstructure of

the samples produced after 2 min, the amount of the secondary phase with the
chemistry near the monoclinic Ba2 Ti6 O13 is significant; however its amount after
another 2 min of processing is significantly reduced. This, together with an orientation
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relationship between the cubic and secondary monoclinic Ba2 Ti6 O13 suggests that
within than time of the processing the transformation from orthorhombic to cubic

BaTiO3 crystals occurred, but also, that the final microstructure was developed at the

expense of the secondary phase.

It was found that almost 70% of the cubic BaTiO3 -monoclinic Ba2 Ti6 O13 interphase

boundaries with the deviation of 2.5° agree with the conditions of orientation

relationship, what clearly shows that there is a strong correlation between the two
phases. As some studies show, there are many reasons as to why this number is not
even higher and, as pointed out in [122], may be due to the scan accuracy, which in

our view because of the large features we can ignore in this case. More importantly,
the fact that EBSD is a surface analysis technique means that plenty of features of a 3D

microstructure remain undetected. In the case of a textured material sample
preparation involves appropriate cut enabling observation of some specific grain

orientations but powder particles with quite random grain distribution and

orientation cannot be prepared in the same manner. Decreasing the tolerance of the
deviation from the orientation relationship to ±0.25° results in a decrease of
interphase boundaries compliant with it to 5.48% which suggests that those

interphase boundaries have formed at some point in the process but were likely
displaced, resulting in presence of internal stresses and deformation of the interphase

boundary. As grain boundaries tend to accumulate dislocations upon the plastic

deformation, breaking down the orientation relationship can occur when prolonged
processing times are applied.

Cubic BaTiO3 -monoclinic Ba2 Ti6 O13 interphases in the O2/Ar samples reveal a similar
trend where the 2.5° deviation of misorientation angle returns the value of OR-

compliant boundaries of 29.80% and for ±0.25° the value decreases to 0.45%. In this
case the amount of available grain boundaries is much smaller, and the lower value of
OR compliant grain boundaries was expected due to higher stresses connected with

additional transformations of cubic to hexagonal crystals and therefore additional
stresses in the lattices. An example of such behavior can be found in martensitic and
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bainitic transformations where the matrix (in our case monoclinic Ba2 Ti6 O13 ) is said
to accommodate the shape strain of the transformation[123].

Table 5.5: Population of interphase boundaries deviating (𝛿) from the theoretical
orientation relationship in the Ar atmosphere and a mixture of O2/Ar samples.
Sample type

Interphase

boundary type
Cubic BaTiO3 -

TaC_Ar

Hexagonal BaTiO3
Cubic BaTiO3 -

Monoclinic Ba2 Ti6 O13
Hexagonal BaTiO3 -

Monoclinic Ba2 Ti6 O13
Cubic BaTiO3 O2/Ar

Hexagonal BaTiO3
Cubic BaTiO3 -

Monoclinic Ba2 Ti6 O13
Hexagonal BaTiO3 -

Monoclinic Ba2 Ti6 O13

Population of interphase boundaries
deviating from theoretical OR (%)
𝛿 = ±0.25°

𝛿 = ±2.5°

5.48

69.90

0.10

39.90

52.3

78.97

0.45

29.80

0.13

29.40

35.60

77.90

5.3.2 Hexagonal-monoclinic interphase boundaries
It was indicated in the previously developed O2/Ar sequence of phase formation (Fig.

4.22), that the hexagonal grains are formed from the cubic ones in the process called
martensitic transformation involving small displacements of the atoms which result in

the change of the crystal structure. The transformation was observed in much larger
extent in the O2/Ar sample but some small grains have been observed also in the

TaC_Ar sample where the temperature of the EDAMM processing is thought to be
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much smaller. Since the change in lattice parameter during the cubic→hexagonal

transformation occurs, the same type of orientation relationship may not be sustained

anymore due to strains in the material. Hence, a new relationship was observed for
hexagonal BaTiO3 -monoclinic Ba2 Ti6 O13 interphase boundaries (Table 5.4) and the

amount of grain boundaries which are compliant with the orientation relationship is
even smaller (Table 5.5). Additionally, the spread from the ideal orientation
relationship is much larger than in the previously discussed interphase where only a

minute fraction of OR-compliant boundaries are within the 0.25° misorientation
deviation.

5.3.3 Cubic-hexagonal interphase boundaries
The biggest amount of OR-compliant interphase boundaries was found for a

cubic BaTiO3 -hexagonal BaTiO3 pair. In case of both TaC_Ar samples and O2/Ar

samples the values of OR-compliant boundaries is very high- 77.90% and 78.97%,
respectively, when the tolerance for the deviation from the OR of ±2.5° was used. Not

surprisingly this high number was also recorded for the restriction of the ORcompliance conditions of ±0.25° where in case of TaC_Ar a value of 35.60% and for

O2/Ar 52.3% was recorded. This result is important as is shows that the variation of

the OR-compliant boundaries is relatively small which proves a strong relationship
between the phases.

Optimization of the EDAMM processing towards obtaining majority of cubic or

hexagonal BaTiO3 , presented as samples of group TaC_Ar and O2/Ar was proven to
contain similar values of compliance of interphase boundaries to the specified

orientation relationship. It can be stated that in case of TaC_Ar sample, the

optimization of the conditions lead to the decrease of the processing temperature, as
only a small amount (~0.5% based on the micrographs) of hexagonal phase was
observed, which is a higher temperature polymorph of BaTiO3 . On the other hand,

O2/Ar samples were assessed to contain ~89% of the hexagonal grains, based on the

micrographs with only minor amount of the cubic phase. This in turn proves that the
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majority of the cubic phase was transformed into the hexagonal grains stable in higher

temperature. Because of the martensitic character of the transformation, it is possible
for the high temperature hexagonal BaTiO3 phase to transform back to the cubic

BaTiO3 upon slow cooling, based on the equilibrium diagram. The fact that such mass

transformation did not occur and the majority of the hexagonal BaTiO3 was retained
is yet another indication of fast cooling EDAMM processing. It also indicates that all
the observed microstructures are observed upon fast cooling or even quenching.

Keeping this fact in mind, based on the phase diagram, cubic BaTiO3 phase exists

below 1539°C at the TiO2 rich end and 1430°C at the BaO rich end. Above these

temperatures, it is then fully transformed to hexagonal crystal structure, which is

regarded as a maximum reached in Ar. It was pointed out in [124], these temperatures
can be slightly altered depending on the speed of the temperature increase. It was
found that slow ramp in temperature resulted in the persistence of the cubic phase
even beyond the 1500°C but the experiment was carried out in a tube furnace with the

upper temperature limit of ~1650°C. It is thought that during the EDAMM processing

the plastic deformation plays an important role in formation of the many metastable
phases but also in suppressing the transformations when the processing conditions
are optimised. It has been previously shown that the mechanical activation by ball

milling aids formation of nanocrystalline BaTiO3 and lowers the calcination
temperature [125].

5.3.4 Intermediate stage of EDAMM processing
The EBSD scan of the particle which was processed in the O2/Ar sample conditions for

1 min is presented in Fig. 5.15. Both hexagonal and cubic BaTiO3 phases are present in
the particle with secondary phase of monoclinic Ba2 Ti6 O13 marked in red. It can be

noted that the number of interfaces between the cubic BaTiO3 and monoclinic
Ba2 Ti6 O13

grains

is

significantly

larger

than

these

of

hexagonal BaTiO3 -

monoclinic Ba2 Ti6 O13 . It is thought, based on the XRD analyses and micrographs, that

the cubic BaTiO3 grains together with monoclinic Ba2 Ti6 O13 is formed simultaneously
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in an intermediate stage of the processing. Later, transformation of the cubic BaTiO3

to hexagonal BaTiO3 takes place, where the grain growth of the hexagonal BaTiO3 is
most likely be halted on the monoclinic interphase. An indication of the latter is much
higher misorientation angle between these two phases in comparison to the cubicmonoclinic interphase (Table 5.4).

Figure 5.15: Representative phase map of the powder particle intermediate stage of

EDAMM processed O2/Ar sample. Legend: red - monoclinic Ba2 Ti6 O13 , green hexagonal BaTiO3 , blue-= cubic BaTiO3 , white - zero solutions, black - high-angle grain
boundaries (HABs).

5.4 Conclusions

In the above presented chapter the interphase boundary regions of the phases found

in the TaC_Ar and O2/Ar samples processed in EDAMM were analysed using the TEM
and EBSD, with additional analysis of EBSD data the newly developed computational
tool. In both of the samples the phases found were; cubic BaTiO3 , hexagonal BaTiO3

and monoclinic Ba2 Ti6 O13 . Orientation relationships between these three phases were

found, which proves that parent-daughter relationships between phases exist, and
also demonstrates which phases were growing at the expense of each other during the
EDAMM processing. The analysis of the deviation from the ideal orientation
relationships were found to be the largest for the cubic BaTiO3 - monoclinic Ba2 Ti6 O13

pair, and this is attributed to the formation of the cubic-monoclinic interface in the

early stages of the processing and subsequent deformation and reorientation of
crystals during grain growth and plastic deformation. In case of the TaC_Ar sample the

growth of cubic BaTiO3 grains happened at the expense of monoclinic Ba2 Ti6 O13 and
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only minute amount of the hexagonal phase was found. In the O2/Ar samples on the
other hand, the majority of the phase was found to be the hexagonal BaTiO3 with a

small percentage of retained cubic BaTiO3 and monoclinic Ba2 Ti6 O13 . Analysis of

these three interphases leads to the conclusion that the cubic BaTiO3 grains grew at

the expense of the monoclinic Ba2 Ti6 O13 at the early stages of the processing. Further
processing resulted in the hexagonal BaTiO3 grain growth at the expense of

cubic BaTiO3 , but here, the interphase boundaries were observed to comply well to

the ideal orientation relationship. This indicates that; the cubic-hexagonal orientation
relationship found through SAED is the dominant relationship in this phase

transformation regime, (ii) the cubic→hexagonal transformation occurred by the end

of the EDAMM processing and (iii) the powder particles in EDAMM are cooled
extremely fast as the high temperature hexagonal BaTiO3 polymorph is sustained in

the room temperature.
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CHAPTER 6
Summary and future work
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This thesis has demonstrated new understanding of how Electric Discharge Assisted
Mechanical Milling can induce phase transformations in variety of materials including:

metals, carbides, oxides and high melting point ceramics. Analysis of the results leads

us to believe that the equivalent temperatures of processes occurring in EDAMM under

Ar are within the range; 600-1600°C, for the range of plasma pulse intensities trialled.
Because of the fact that the Ar gas was found to result in highly localized plasma
discharges and therefore large deviations of the temperatures during processing two
modifications were introduced to address this problem. Firstly, a TaC coating on the

EDAMM the electrode was applied in order to lower the processing temperature,
which proved successful in a synthesis experiment involving production of the BaTiO3

low temperature polymorph from BaO-TiO2 staring powders. Secondly, an O2/Ar was
used to increase the processing temperature in order to obtain exclusively high

temperature stable BaTiO3 polymorph. An in-depth investigation of the BaO-TiO2
staring powders processing products revealed formation of nanoparticles in the first
stages of processing and further formation of larger particles in the later stages. A

crystallographic and microstructural analysis enabled determination of the sequences
of the phase formation during EDAMM when, (i) a TaC coated electrode or (ii) an

O2/Ar atmosphere was used. Extensive analysis of the boundary regions between the

phases undergoing polymorphic transformation (cubic BaTiO3↔hexagonal BaTiO3)

and phase transformation from a secondary monoclinic Ba2 Ti6 O13 phase was
performed. It was found that the cubic BaTiO3 phase grows at the expense of

monoclinic Ba2 Ti6 O13 . At higher temperatures, the cubic BaTiO3 phase is sacrificed for

the growth of hexagonal BaTiO3 phase which typically occurs at ~1430˚C. It was also
established that the particles produced at higher temperatures undergo rapid cooling

and retaining the high temperature polymorph of BaTiO3 and this result is attributed
to the short time pulse discharge affecting them during the processing.

Due to the results presented in this thesis it is recommended to continue the research
with the following;
-

Exploring the alternatives to the TaC coating such as other carbides with high
melting points and analysis of their influence on the processing in EDAMM,
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-

Further investigation into the influence of gases such N2, H2, pure O2 and He on

-

Extending the investigation and optimized processing conditions in more

-

temperature of polymorphic transformations,
complex multi-element oxides,

Introducing spectrometer method to be a part of the EDAMM processing

chamber to define the species taking part in the plasma processing which could
further improve the knowledge about the exact processing temperatures.
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Appendices
Appendix A: Description of cubic crystal structure
Space group
(No., Name)
221, Pm
− 3m

a

4.006

b

4.006

Lattice parameters
c
α
4.006

90.000

β

90.000

γ

90.000

Atom

Descr.

Ti
O

Ti1
O1

Appendix B:
Space group
(No., Name)
194, P63
/mmc

a

5.7238

b

5.7238

Lattice parameters
c
α
13.9649

90.000

β

90.000

γ

120.000

Ba

Ba1

x

0.500
0.000
0.500

Atom

Descr.

Ba
Ti
Ti
O
O

Ba2
Ti1
Ti2
O1
O2

Ba

Ba1

Structure parameters
y
z
Occ.
0.500
0.000
0.000

0.500
0.000
0.000

1.000
1.000
1.000

Wp
1b

1a
3d

Structure parameters
x
y
z
Occ.

0.000
0.333
0.000
0.333
0.519
0.835

0.000
0.667
0.000
0.667
0.037
0.670

0.250
0.097
0.000
0.846
0.250
0.080

1.000
1.000
1.000
1.000
1.000
1.000

Sym.

m-3m

m-3m
4/mm.m

Wp
2b

4f
2a
4f
6h
12k

Sym.
6m2
3m.
-3m.
3m
mm2
.m.
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Appendix C:
Space group
(No., Name)
12, C12/m1

a
15.0040

b
3.9530

Lattice parameters
c
α
β
9.0850 90.000 98.010

γ
90.000

Atom
Ba
Ti
Ti
Ti
Ti
Ti
Ti
O
O
O
O
O
O
O

Descr.
Ba1
Ti1
Ti2
Ti3
Ti4
Ti5
Ti6
O1
O2
O3
O4
O5
O6
O7

Structure parameters
x
y
z
Occ.
0.448 0.000 0.222 1.000
0.122 0.000 0.100 0.333
0.122 0.000 0.100 0.667
0.169 0.000 0.444 0.333
0.169 0.000 0.444 0.667
0.248 0.000 0.777 0.333
0.248 0.000 0.777 0.667
0.000 0.000 0.000 1.000
0.241 0.000 0.247 1.000
0.072 0.000 0.301 1.000
0.299 0.000 0.571 1.000
0.129 0.000 0.619 1.000
0.373 0.000 0.888 1.000
0.171 0.000 0.917 1.000

Wp
4i
4i
4i
4i
4i
4i
4i
4i
4i
4i
4i
4i
4i
4i

Sym.
m
m
m
m
m
m
m
2/m
m
m
m
m
m
m
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